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Objetivos 
La presente Memoria presentada como Tesis Doctoral se encuadra en la 
línea de investigación “Películas Superficiales y Organización Molecular” 
del grupo FQM-204 de la Junta de Andalucía. Los objetivos globales que se 
han marcado son: 
1. Preparar películas ultrafinas de materiales orgánicos de interés, tales 
como, polímeros y colorantes, en la interfase aire−agua mediante el 
balance adecuado de cargas, tamaño de grupos polares y cadenas 
alquílicas, con objeto de obtener estructuras supramoleculares con una 
composición y arquitectura determinadas. 
2. Realizar su posterior transferencia a soportes sólidos (vidrio o cuarzo) 
manteniendo su organización, mediante las técnicas de deposición 
vertical Langmuir−Blodgett, y horizontal, Langmuir-Schaefer, tanto en 
monocapa como en multicapa. 
3. Estudiar, mediante diferentes técnicas de tipo óptico, la organización 
molecular de las películas formadas tanto en la interfase aire−agua como 
en la interfase aire−sólido. 
4. Complementar la descripción experimental de los sistemas estudiados 
mediante técnicas computacionales. 
A estos objetivos hay que añadir además, aquel que en la búsqueda de 
nuevas formas de estudio, ha surgido durante el desarrollo del presente 
trabajo. Así, fruto de la colaboración con otros grupos de investigación, se 
encontró la oportunidad de fabricar y caracterizar un sistema híbrido 
orgánico-inorgánico concreto, marcándose dos nuevos objetivos: 
5. Preparar un sistema bi-dimensional estable híbrido orgánico-inorgánico 
basado en perovskitas, tanto en la interfase aireagua como soportado en 
sustratos sólidos.  
6. Caracterizar, mediante técnicas ópticas, la organización en las películas 
de Langmuir y Langmuir-Schaefer, y complementar el estudio de las 
  
películas soportadas con Espectroscopía Foto-electrónica de Rayos X 
(XPS) y Difracción de Rayos X (XRD). 
  
Objectives 
The work described in this Report belongs to the research line “Surface 
Thin Films and Molecular Organization”, within the group FQM-204 (Junta 
de Andalucía classification). The main aims of this research were as 
follows: 
1. To prepare ultrathin films of interesting organic materials such as 
polymers and dyes, at the airwater interface by means of an adequate 
balance between both charges and size of polar groups and alkyl chains, 
of the components. Therefore, supramolecular structures with a defined 
composition and architecture are expected. 
2. To perform subsequent transfer process to solid supports (glass or 
quartz) keeping the molecular organization achieved at the airwater 
interface by vertical Langmuir-Blodgett or horizontal “touching” 
Langmuir-Schaefer (LS) transferences, and to obtain films both 
monolayer and multilayer. 
3. To study the molecular organization of the formed thin films both at the 
airwater interface and on solid supports by using different optical 
techniques. 
4. To complement the experimental description of the studied systems by 
means of computacional methods. 
To the goals stated above, it should be added that appeared when looking 
for new ways to study. In this way, as a result of the close collaboration 
with other research groups, the opportunity of fabricate and characterize a 
hybrid organic-inorganic particular system has been found. The following 
aims have been set:   
5. To tailor a bi-dimensional and stable system based on layered 
organicinorganic perovskite, both at the airwater interface and on 
solid supports. 
  
6. To characterize the molecular organization of such hybrid Langmuir and 
Langmuir-Schaefer films, and to complement the study of LS films by 
X-Ray photoelectron spectroscopy (XPS) and X-Ray diffraction (XRD). 
   


















   
Resumen 
Uno de los objetivos de la química supramolecular ha sido y sigue 
siendo el desarrollo de métodos o estrategias para construir películas 
orgánicas ordenadas en estructuras bien definidas y de gran extensión. A 
escala nanoscópica, las propiedades físicas de estos sistemas moleculares se 
determinan mediante las relaciones entre su composición química, 
estructura y la organización de los materiales utilizados. En particular, 
cuando las moléculas que forman esos sistemas tienden a la agregación, 
también se ven afectadas las características moleculares. De hecho, las 
consecuencias más importantes de la agregación molecular de colorantes 
orgánicos no son sólo los cambios químicos que se producen, sino 
principalmente los cambios detectados en las propiedades ópticas de las 
unidades cromofóricas que interactúan entre sí. Sin embargo, estos 
agregados moleculares con propiedades ópticas significativamente alteradas 
se forman sólo bajo ciertas condiciones experimentales. En este sentido, es 
indispensable aplicar la estrategia apropiada para formar estructuras 
moleculares bidimensionales y analizar estos sistemas como componentes 
activos en la transferencia de energía, procesos electroluminiscentes, y/o 
sensores ópticos. 
Desde mediados del siglo pasado se ha puesto mucho esfuerzo en 
desarrollar diferentes estrategias con el fin de manipular y ensamblar 
películas ultrafinas que contuviesen diferentes moléculas con varias 
funciones y una arquitectura bien definida, es decir, composición, estructura 
y espesor, controlando la orientación y agregación a nivel molecular, y todo 
ello de manera reproducible. 
En el desafío de construir sistemas organizados de moléculas que 
cooperan entre sí como partes de una máquina, y donde cada una actúa con 
una función determinada pero formando parte de un equipo, diferentes 
moléculas pueden ser ajustadas a la medida, como lo haría un sastre, 
interconectando unas con otras para obtener un ordenamiento bien 
  
organizado. Con este objetivo, muchos científicos se han sentido motivados 
a sintetizar nuevas moléculas o supraestructuras con estas características. 
Por ejemplo, pueden encontrarse numerosos trabajos experimentales que 
plasman las dificultades para conseguir propiedades luminiscentes óptimas 
en materiales que contienen colorantes orgánicos incorporados en matrices 
sólidas, poniendo de relieve la necesidad de hacer una buena selección no 
sólo del colorante orgánico, sino también del inorgánico para la 
construcción de materiales ópticos híbridos con un buen funcionamiento. 
También se encuentra una amplia información del esfuerzo realizado en la 
búsqueda de determinados tipos de agregados en disolución, con 
prometedoras aplicaciones en fotónica, células fotovoltaicas o sensores 
fluorescentes, mediante la formación de mesofases liotrópicas y geles en 
diferentes disolventes orgánicos. 
Todos estos antecedentes nos conducen a realizar una investigación 
intensa no sólo para controlar el tipo de ensamblaje molecular sobre la 
superficie, sino también para caracterizar in situ el grado de ordenamiento y 
agregación interfacial de las moléculas. En este sentido, la interfase aire-
agua es un modelo ideal para tales propósitos, ya que es fácil preparar el 
sistema en estado puro y porque la cobertura superficial puede ser ajustada 
suavemente mediante la técnica de Langmuir, es decir, la interconexión 
entre las moléculas se realiza de forma externa mediante el “empuje” de 
unas con otras para mantenerlas unidas. De esta forma, el control de la 
asociación y orientación de las moléculas es posible, en sistemas apropiados 
y de manera reproducible, con la posibilidad de obtener estructuras 
moleculares bidimensionales. En este sentido, los colorantes moleculares 
han sido utilizados ampliamente para la caracterización de interacciones 
moleculares puesto que la respuesta de este tipo de moléculas, bajo 
radiación externa o un campo eléctrico, se relaciona con el entorno en el que 
tienen lugar. 
En el desarrollo de la presente memoria se han utilizado estrategias, 
diseñadas por el grupo de investigación, para la construcción de estructuras 
   
bi-dimensionales bien definidas en la interfase aire-agua, en la cual la 
organización lateral es controlada mediante la preparación de películas 
mixtas. En dichas películas, la selección de los componentes no sólo se ha 
basado en propiedades de interés, como crómicas o fluorescentes, sino 
también en que tales componentes presenten interacciones atractivas entre 
ellos. De esta manera, se puede establecer una conexión lateral entre los 
componentes de las películas mixtas a través de la auto-agregación de 
colorantes, lo cual puede obtenerse mediante un balance adecuado entre los 
tamaños de los grupos hidrofóbicos y los grupos polares. Así, se pueden 
formar estructuras bi-dimensionales que podrían incorporarse al diseño de 
diversos dispositivos fotocrómicos, tales como, sensores químicos y 
bioquímicos, de fluorescencia o de transferencia de energía. 
En este contexto mediante ciertos métodos experimentales se pueden 
formar películas con propiedades estructurales y ópticas bien definidas 
compuestas por mezclas de colorantes y polímeros. De esta forma, se 
preparan películas delgadas mixtas mediante el método de Langmuir en la 
interfase aire−agua y los métodos Langmuir-Blodgett (LB) y Langmuir-
Schaeffer (LS) sobre soportes sólidos. Dichas películas mixtas están 
formadas por compuestos anfifílicos, como el ácido 10,12-
pentacosadiinoico (DA), y colorantes de carga opuesta como hemicianinas y 
derivados de las cianinas. 
Con objeto de estudiar y caracterizar estas películas delgadas mixtas es 
necesario disponer de técnicas que nos aporten información tanto de la 
organización de la parte polar, como de las cadenas alquílicas, como son las 
espectroscopias de Reflexión UV-visible bajo incidencia normal, infrarroja 
de absorción-reflexión con modulación de polarización (PM-IRRAS) o 
microscopía de ángulo Brewster (BAM).  
Asimismo, en el sentido de validar y complementar los datos obtenidos 
experimentalmente es importante la utilización de técnicas de simulación 
por ordenador, así como el desarrollo de modelos teóricos y matemáticos. 
  
La primera parte de esta Tesis va dirigida a la fabricación de películas 
mixtas del ácido 10,12-pentacosadiinoico (DA) y una hemicianinca 
anfifílica catiónica (4-[4-Dimethylamino)styryl]-1-docosylpyridinium 
bromide, SP) en relación 1:1, teniendo como referencia el comportamiento 
de DA puro. La SP ha sido elegida por tener una cadena alquílica de 
longitud similar a la del DA así como por poseer una región polar de carga 
opuesta a la que tiene el DA. La buena compatibilidad existente entre ambas 
moléculas se ha demostrado por la completa homogeneidad de la película 
mixta obtenida y por el hecho de que la isoterma registrada revela que las 
moléculas de DA y SP se organizan, a alta presión superficial, en monocapa 
en lugar de tricapa como ocurre en el caso del DA puro. Las medidas de 
presión superficial (isotermas y ciclos de compresión-expansión), 
espectroscopía de Reflexión con incidencia normal y PM-IRRAS prueban 
esta estructura. Mediante BAM se observa directamente la morfología de la 
película bajo compresión. La película mixta muestra la formación de 
dominios circulares, a diferencia de las estructuras dendríticas formadas por 
el DA puro. Además, estos dominios presentan anisotropía interna debido al 
alineamiento ordenado de los grupos de hemicianina. 
Bajo irradiación UV, en la película mixta se forma un polímero (PDA) 
con absorbancia máxima a 520 nm, lo que no corresponde a lo esperado en 
una primera transición cromática (incoloro-a-azul), ni con otra forma 
polimérica descrita. Asimismo, el proceso de polimerización da lugar una 
desagregación de la hemicianina. 
Además, mediante BAM se comprueba que la polimerización tiene lugar 
solo en el interior de los dominios circulares, perdiéndose la anisotropía 
interna. Ciclos sucesivos de expansión-compresión revelan la formación de 
un material nanocomposite estable con elasticidad parcial en las regiones 
periféricas. 
Se propone un modelo de organización de la estructura interna de los 
dominios, en el que las moléculas del poliacetileno y la hemicianina forman 
un entramado ortorrómbico bidimensional, mientras que la región externa 
   
de los mismos, se presume una pérdida de orden de los grupos de la 
hemicianina. 
La siguiente etapa de esta Tesis se ha centrado en la fabricación y 
estudio de un nuevo sistema mixto, donde se ha seleccionado un colorante 
con dos cadenas alifáticas y un grupo polar con una carga positiva. Las 
películas mixtas formadas en la interfase aireagua están compuestas por 
DA y N,N´-dioctadecylthiapentacarbocyanine (OTCC), DA:OTCC 1:1. 
Como en el sistema anterior, se comprueba que las moléculas de OTCC 
imponen la formación de una monocapa en lugar de la tricapa típica del DA 
puro. Las imágenes de BAM revelan una nueva morfología de dominios en 
forma de estrella con anisotropía interna. 
Bajo irradiación UV, y aunque las dos cadenas alquílicas de las 
moléculas de OTCC puedan actuar como espaciadores de las unidades de 
diacetileno y de esta manera evitar la polimerización del mismo, se obtiene 
el polímero descrito en el sistema DA:SP 1:1, es decir, aquel que presenta 
un máximo de absorción a 520 nm. Además, las imágenes de BAM revelan 
el mantenimiento de la anisotropía interna de los dominios, así como que la 
polimerización ocurre sin segregación de fases, permitiendo exclusivamente 
la formación de la fase roja (520 nm) del polímero. 
La información experimental junto con las simulaciones realizadas por 
ordenador, permiten evaluar en detalle el ordenamiento supramolecular de 
la estructura de la película de Langmuir DA:OTCC 1:1. De esta manera, 
considerando las características geométricas de la monocapa mixta formada 
por DA:OTCC, se ha propuesto un modelo estructural en el que se 
considera que las moléculas de PDA pueden adoptar, en la interfase 
aire−agua, dos conformaciones diferentes: la denominada aligned, en la que 
las cadenas alquílicas se sitúan en el mismo plano que el de conjugación del 
esqueleto del polímero y se detecta en la forma azul del mismo; o twisted si 
se sitúan en un plano distinto al de conjugación, la que está relacionada con 
la fase roja del PDA. 
  
En la última parte del trabajo enfocado en la mezcla 
acetilenos/colorantes y con el fin de profundizar en el efecto del grupo polar 
del colorante en el ordenamiento del DA en las películas mixtas formadas 
en la interfase aire−agua, se ha procedido a preparar monocapas mixtas de 
DA y una hemicianina anfifílica 4-[(4-hydroxy)styryl]-1-docosylpyridinium 
bromide (HSP) que tiene una cadena alquílica y un hidroxilo como grupo 
polar. Se comprueba que la monocapa mixta es completamente homogénea 
y que, de nuevo, la presencia de moléculas de hemicianina HSP hace que las 
moléculas de DA se organicen en una monocapa simple. Mediante BAM se 
observa la formación de dominios en forma de flor que presentan una bien 
definida anisotropía interna. Dicho fenómeno se relaciona con el 
alineamiento ordenado de los grupos hemicianina. 
Bajo irradiación UV en la interfase aire−agua, se obtiene el mismo 
resultado que en los sistemas anteriores, es decir, solo una transición 
crómica del monómero incoloro a la fase roja, siendo esta correspondiente 
al nuevo polímero formado con máximo de absorción a 520 nm. El  
aumento de reflectividad detectado en los dominios en forma de flor es el 
indicativo de la formación del polímero, manteniéndose la textura interna de 
los dominios, i.e. anisotropía interna, que presentaban antes del proceso de 
polimerización, lo que indica que las cadenas de PDA polimérico crecen en 
la misma dirección en la cual las moléculas de HSP están alineadas. Este 
comportamiento difiere al observado previamente en el sistema formado por 
DA:SP 1:1. El menor tamaño del grupo OH en HSP podría permitir una 
estructura agregada más compacta, incluso este grupo podría formar puentes 
de hidrógeno con moléculas vecinas dando lugar a dominios con estructuras 
más rígidas. 
La búsqueda de nuevas formas de estudio, que han surgido durante el 
desarrollo del presente trabajo nos ha llevado a fabricar estructuras bi-
dimensionales híbridas orgánico-inorgánicas tipo perovskitas. Sobre la base 
del uso de compuestos orgánicos con grupos polares amonio para la 
preparación de películas delgadas híbridas basadas en perovskitas, se han 
   
preparado monocapas de eicosilamina (EA) sobre una subfase que contiene 
PbX2, X = Br and Cl y sales en exceso de KX. Las isotermas presión 
superficial-área demuestran la formación de una nueva organización de las 
moléculas de EA por efecto de las sales de plomo y haluro en la subfase 
acuosa, indicando un ordenamiento del sistema mixto en forma de bicapa. 
Simultáneamente, los resultados de espectroscopia de reflexión demuestran 
la formación y estabilidad de una estructura con máximos de absorción a 
330 y 390 nm en función de la sal de haluro empleada. Estas bandas 
corresponden al excitón de una estructura tipo perovskita. Bajo varios ciclos 
de compresión-expansión, no sólo se consigue formar una película 
homogénea y estable, sino que se ha mejorado significativamente el 
rendimiento en la formación de perovskita en comparación con trabajos 
publicados anteriormente. Mediante espectroscopía XPS y difracción de 
rayos-X se determina la estabilidad, composición y organización de las 
películas (EA)2PbX4, láminas de perovskitas ente las que se sitúa una bicapa 
de eicosilamina cuyas cadenas alquílicas están inclinadas 40º respecto el 





One of the target of the supramolecular chemistry has been and remains 
the development of strategies to build organic films organized in well-
defined structures with large range. At the nanoscale, the physical properties 
of these molecular systems are determined by the relationships between 
chemical composition, structure and organization of the selected materials. 
In particular, when the molecules forming such systems tend to aggregation, 
also the molecular characteristics are influenced. In fact, the most important 
consequences from the molecular aggregation of organic dyes are not only 
the chemical changes, but mainly those detected in the optical properties by 
means of the interaction between the chromophore units. However, these 
molecular aggregates are obtained only under certain experimental 
conditions. In this sense, it is essential to apply an appropriate strategy for 
achieving a bi-dimensional molecular structures and analyze such systems 
as active components in processes like energy transfer, electroluminescence, 
and in optical sensors. 
Since the middle of last century much effort has been devoted for the 
developing of different strategies to manipulate and assemble ultrathin 
films. Such ultrathin films would contain different molecules with different 
functions and a well-defined architecture, i.e., composition, structure and 
thickness, by means of a reproducible control on the molecular orientation 
and aggregation at a molecular level. 
In the challenge to fabricate moieties containing organized molecules 
that merge with each other as machine parts, and where each has a specific 
function in the team, different molecules can be assembled like a taylor 
does to achieve a well-organized system. With this aim, many scientists are 
motivated to synthesize new molecules or superstructures with such 
characteristics. For example, one can find numerous experimental works 
showing the difficulties to obtain organic materials by dyes embedded in a 
solid matrix with optimal luminescent properties. This fact evidences that a 
   
good selection of both the organic dye and the inorganic are needed to 
fabricate a hybrid optical materials with good efficiency. Furthermore, to 
apply in photonics, photovoltaics cells or fluorescent sensors a big effort has 
been done to achieve certain aggregates in solution, for example, by 
forming lyotropic mesophases in various organic solvents. 
This background leads to study in deep not only the control of the 
molecular assembly on a surface, but also to characterize in situ the 
molecular order and interfacial aggregation. In this context, the air−water 
interface is ideal model for such purposes because of easy formation of pure 
system and smoothly fit of the surface coverage by Langmuir technique, 
i.e., the molecular interconnection is by externally via "push" one to each 
other. Thus, control of the association and orientation of molecules is 
possible, in appropriate systems and reproducible manner, with the 
possibility to fabricate bi-dimensional molecular structures. In this regard, 
molecular dyes have been widely used for the characterization of molecular 
interactions because their response to external electric field or radiation. 
In the development of this Report strategies designed by the research 
group to build well-defined bi-dimensional structures at the air−water have 
been used. These strategies allows the control of the lateral organization by 
preparing mixed films. In these films, the selection of components has not 
only based on properties of interest, such as chromic or fluorescent 
properties, but also on the attractive interactions between components. In 
such a way, a lateral connection between the components of the mixed films 
through self-aggregation of dyes can be established, which can be obtained 
through an appropriate balance between the sizes of the hydrophobic groups 
and polar groups. Thus, it can form bi-dimensional structures that could be 
incorporated in the design of various photochromic devices, such as, 
chemical and biochemical sensors, or fluorescence energy transfer. 
In this context by certain experimental methods films with well defined 
structural properties and optical composed of mixtures of dyes and polymers 
can be formed. Thus, mixed thin films are prepared by the Langmuir 
  
method in the air−water interface and the Langmuir-Blodgett (LB) and 
Langmuir-Schaeffer (LS) methods on solid supports. These mixed films are 
formed by amphiphilic compounds such as 10,12-pentacosadiinoico acid 
(DA), and dyes as counterions hemicyanines, cyanines and derivatives. 
In order to study and characterize these mixed thin films is a need for 
techniques that we provide information on both the organization of the polar 
part, as the alkyl chains, such as Reflection spectroscopy UV-visible under 
normal incidence Polarization Modulation Infrared Reflection Adsorption 
Spectroscopy (PM-IRRAS) or Brewster Angle microscopy (BAM). 
Also, in the sense validate and complement the data obtained 
experimentally important to use computer simulation techniques, and the 
development of theoretical and mathematical models. 
The first part of this thesis is intended for the manufacture of mixed 
films of 10,12-pentacosadiinoico acid (DA) and a cationic amphiphilic 
hemicyanine (4- [4-Dimethylamino) styryl] -1-docosylpyridinium bromide, 
SP) in the ratio 1:1, with reference to the behavior of pure DA. The SP has 
been chosen to have an alkyl chain similar to the length of DA and by 
having a polar region of opposite charge to the one with the DA. Good 
compatibility between both molecules demonstrated by the complete 
homogeneity of the obtained mixed film and the fact that the recorded 
isotherm reveals molecules DA and SP are arranged, high surface pressure, 
rather than monolayer trilayer as in the case of pure DA. Measurements of 
surface pressure (isothermal and compression-expansion cycles) 
spectroscopy and reflection at normal incidence PM-IRRAS prove this 
structure. BAM by the morphology of the film under compression is 
observed directly. The mixed film shows the formation of circular domains, 
unlike dendritic structures formed by pure DA. In addition, these domains 
have internal anisotropy due to ordered alignment hemicyanine groups. 
Under UV irradiation, in the mixed film polymer (PDA) with maximum 
at 520 nm absorbance is formed, which is not what expected in a first color 
   
transition (colorless-to-blue) or another polymer as described. Also, the 
polymerization process results in a breakdown of the hemicyanine. 
Furthermore, by BAM it is found that the polymerization takes place 
only within the circular domains, missing the internal anisotropy. 
Successive cycles of expansion-compression reveal the formation of a stable 
nanocomposite material partial elasticity in peripheral regions. 
An organizational model of the internal structure of the domains in the 
molecules of polyacetylene and hemicyanine orthorhombic form a bi-
dimensional lattice is proposed while the outer region thereof, a loss of 
order of the groups presumed hemicyanine. 
The next stage of this thesis has focused on the production and study of a 
new mixed system where a dye is selected with two aliphatic chains and a 
polar group with a positive charge. Mixed films formed in the interface 
air−water are composed of DA and N,N'-dioctadecylthiapentacarbocyanine 
(OTCC), DA:OTCC 1:1. As in the previous system, it is found that impose 
OTCC molecules forming a monolayer rather than the typical three-layer of 
pure DA. BAM images reveal a new morphology of domains with star-
shaped internal anisotropy. 
Under UV irradiation, and although the two alkyl chains of molecules 
OTCC can act as spacers units diacetylene and thus prevent polymerization 
thereof, the polymer described is obtained in the DA system: SP 1:1, is i.e., 
one that has an absorption maximum at 520 nm. Furthermore, images of 
BAM reveal sustained anisotropy internal domains, as well as 
polymerization without phase segregation occurs, only allowing the 
formation of the red phase (520 nm) of the polymer. 
The experimental data together with computer simulations, to assess in 
detail the system of the supramolecular structure of the Langmuir film 
DA:OTCC 1:1. Thus, considering the geometrical characteristics of the 
mixed monolayer formed by DA:OTCC, there is proposed a structural 
model in which it is considered that molecules PDA can adopt, in the 
air−water interface, two different conformations: the so-called aligned, in 
  
which the alkyl chains are in the same plane as the conjugation of the 
polymer backbone and is detected in the blue form thereof; or if placed 
twisted in a different conjugation plane, which is related to the red phase 
PDA. 
In the last part of the work focused on acetylene/ dye mixture and in 
order to deepen the effect of the polar group of the dye in the system of the 
DA in the mixed films formed on the air−water interface, we proceeded to 
prepare monolayers mixed DA and an amphiphilic hemicyanine 4-[(4-
hydroxy) styryl]-1-docosylpyridinium bromide (HSP) having a alkyl chain 
and a hydroxyl group as polar. It is found that the monolayer is completely 
homogeneous mixed and, again, the presence of molecules of HSP 
hemicyanine makes DA molecules organize themselves into a single 
monolayer. BAM through the formation of flower-shaped domains having a 
well-defined internal anisotropy is observed. This phenomenon is related to 
the ordered alignment of hemicyanine groups. 
Under UV irradiation in the air−water interface, the same result as in 
earlier systems, that is, only chromic transition from colorless monomer to 
the red phase is obtained, this being for the new polymer formed with 
absorption maximum at 520 nm. The increased reflectivity detected in 
flower-shaped domains is indicative of the formation of the polymer, 
maintaining the internal texture of the domains, i.e. internal anisotropy, 
presenting before the polymerization process, indicating that PDA 
polymeric chains grow in the same direction in which molecules are aligned 
HSP. This behavior differs to that previously observed in the DA:SP 1:1 
system comprising. The smaller the OH group in HSP could allow more 
compact structure aggregate, even this group could form hydrogen bonds 
with neighboring molecules leading to more rigid structures domains. 
The search for new forms of study, which have emerged during the 
development of this work has led us to make bi-dimensional structures 
hybrid organic-inorganic perovskite type. Based on the use of organic 
ammonium compounds having polar groups for preparing hybrid thin films 
   
based perovskites, monolayers have been prepared Eicosylamine (EA) on a 
subphase containing PbX2, X = Br- and Cl- and excess salts KX . Isotherms 
showing surface pressure-area forming a reorganized molecules EA effect 
of lead salts and halide in the aqueous subphase, indicating an arrangement 
of the mixed system into bilayer. Simultaneously, reflection spectroscopy 
results demonstrate the formation and stability of a structure with absorption 
maxima at 330 and 390 nm depending on the halide salt used. These bands 
correspond to exciton of a perovskite structure. Under various compression-
expansion cycles, not only is able to form a homogeneous and stable film, 
but has significantly improved performance in the formation of perovskite 
compared with previously published work. By spectroscopy XPS and 
diffraction X-ray stability, composition and organization of the films 
(EA)2PbX4, sheets perovskites entity which a bilayer eicosylamine whose 
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1.1.  Diseño de Películas Delgadas 
1.1.1. Antecedentes 
El estudio, desde una perspectiva científica moderna, de las monocapas 
en la interfase aire−agua comenzó con el 
trabajo de Benjamín Franklin (1706-1790) 
aunque sin duda la aportación más 
relevante la realizó Irving Langmuir (1881-
1957), que destacó por su trabajo en 
Química de Superficies, valiéndole el 
Premio Nobel de Química en 1932. El 
trabajo de Langmuir, junto con el realizado 
por Lord Rayleigh (1842-1919) permitió no 
sólo confirmar que las capas de moléculas 
anfifílicas esparcidas sobre superficies 
acuosas (denominadas Películas de 
Langmuir) tienen el espesor de una única 
capa molecular, sino llegar a la conclusión 
de que las moléculas estaban orientadas en 
la superficie acuosa, con un grupo 
funcional inmerso en el agua y una cadena 
alifática situada casi verticalmente respecto 
a la superficie (ver Figura 1). Sus experimentos apoyaron la hipótesis de la 
existencia de interacciones de corto alcance y dieron la base para predecir 
los distintos tipos de moléculas que podían formar este tipo de películas.  
Katherine Blodgett (1898-1979), colaboradora de Irving Langmuir, fue 
la primera persona capaz de transferir monocapas de ácidos grasos desde la 
superficie acuosa a un soporte sólido, tal como un vidrio hidrofílico, 
obteniendo las denominadas películas de Langmuir-Blodgett (LB). 
Desde entonces, las posibilidades que ofrece esta técnica han ido 
aumentando considerablemente. De hecho, y sobre la base de la oportunidad 
de controlar la composición y organización molecular, la técnica LB se 
Figura 1. Esquema del ordenamiento de una molécula anfifílica tipo cuando es esparcida en la interfase aire−agua. 
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constituye como una herramienta muy útil en la construcción de dispositivos 
supramoleculares con aplicaciones en diferentes áreas de interés actual tales 
como óptica no lineal, sensores, electrónica molecular y fotocromismo.1–4 
 
1.1.2. Formación y Técnicas de Caracterización de Películas Delgadas 
1.1.2.1. Interfase Aire−Agua 
La formación de monocapas de Langmuir en la interfase aire−agua se 
basa principalmente en la naturaleza anfifílica de las moléculas que la 
constituyen, es decir, en que éstas posean una parte apolar hidrofóbica (una 
o varias cadenas alifáticas), y una parte polar hidrofílica (grupos funcionales 
tipo ácido, alcohol o amina).5,6 Dichas monocapas en la interfase aire−agua 
se preparan añadiendo una cantidad determinada de moléculas anfifílicas, 
disueltas en un disolvente volátil e inmiscible en agua, sobre la superficie 
acuosa. La elección del disolvente, o mezcla de disolventes, es importante 
para favorecer la máxima dispersión de las moléculas sobre la interfase 
aireagua.5,6 
Una vez se ha evaporado el disolvente, cabe esperar que la disposición 
de las moléculas en la monocapa sea aquella en la que su situación 
energética resulte más favorable, esto es, con los grupos polares inmersos en 
la subfase y las colas hidrófobas fuera de la misma.5 En ese momento, la 
tensión superficial () de la zona cubierta por la monocapa disminuye 
respecto a la tensión superficial de la superficie del agua limpia (). Este 
cambio se expresa en función de la presión superficial, , que se define 
como: 
 ߨ = ߛ଴ − ߛ (1.1)   
En principio, cualquier método que permita determinar la tensión 
superficial puede usarse para medir la presión superficial. En la práctica, 
habitualmente en el estudio de películas en la interfase aire−agua, se utilizan 
dos tipos de sistemas, tipo Wilhelmy (placa de geometría rectangular 
perfectamente conocida suspendida perpendicularmente a una balanza de 
precisión) y el tipo Langmuir (flotador conectado a una balanza de torsión).7 
Capítulo  I: Introducción  
  25 
Tras la evaporación del disolvente la monocapa se comprime, 
reduciéndose el área superficial disponible, de forma que la densidad 
superficial de las moléculas se incrementa, disminuye  y aumenta . De 
esta forma, la representación de  frente al área por molécula (A) aumenta 
cuando el área disminuye (ver Figura 2), siendo la analogía bidimensional 
de una isoterma presión-volumen. Las isotermas A dan información de la 
estabilidad de la monocapa en la interfase aire−agua, así como de la 
organización de las moléculas en la monocapa y de las interacciones entre 
ellas. 
A partir de las isotermas A se obtienen dos parámetros esenciales. Por 
una parte, el valor del área límite, obtenido por extrapolación del tramo de 
mayor pendiente de la isoterma a presión superficial cero, y que 
corresponde al área ocupada por una molécula en una situación de máximo 
empaquetamiento (líneas de puntos en la Figura 2). Por otra, el valor 
máximo de presión superficial al cual la monocapa pierde su estabilidad, 
conocido con el nombre de presión de colapso (c en la Figura 2).  
 
Figura 2. Isoterma A idealizada de una molécula anfifílica esparcida en la interfase aireagua durante el proceso de compresión. 
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Las isotermas presión superficial−área muestran distintas regiones que 
corresponden a los diferentes estados de organización o fases en los que se 
encuentra la monocapa, así como regiones en las que coexisten dos fases.5 
En la isoterma A mostrada en la Figura 2 se muestran las distintas 
fases que, de forma teórica, presentaría una sustancia anfifílica tipo 
fosfolípido. En ella se pueden distinguir las siguientes fases: fase gaseosa 
(G), donde las moléculas se encuentran bastante diluidas teniendo un gran 
área disponible; líquido expandido (LE), en la que las moléculas 
experimentan unas fuerzas atractivas suficientemente intensas como para 
que empiecen a adoptar una estructura compacta; líquido condensado (LC), 
fase en la que la organización de la monocapa es compacta y la parte 
hidrófoba de las moléculas se orienta casi perpendicularmente a la interfase; 
y fase sólida (S), donde la película es muy rígida y las cadenas hidrófobas 
forman un apilamiento compacto. Ente las fases G y LE, o LE y LC, puede 
ocurrir una zona de coexistencia de fases, fases de transición, T1 y T2, 
respectivamente. 
Hay que indicar que el número y la complejidad de las fases observadas 
en una isoterma varían en función del sistema estudiado y de las 
condiciones experimentales bajo las cuales se realiza. 
El método tradicional para la formación de películas de Langmuir 
requiere el empleo de moléculas anfifílicas. De esta forma, la gama de 
moléculas que podían formar monocapas estables era limitada. En las 
últimas décadas, se han desarrollado diferentes estrategias que permiten 
construir películas orgánicas ordenadas en estructuras bien definidas y de 
gran extensión. Estos métodos están basados en la construcción de 
monocapas complejas, donde los componentes se organizan bajo control 
externo y atendiendo a la interacciones intermoleculares específicas de cada 
sistema. 
Una de las estrategias desarrolladas para la formación de monocapas 
consiste en añadir componentes solubles en la subfase acuosa de forma que 
dicho componente pueda adsorberse sobre una matriz lipídica seleccionada, 
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y así ser retenido en la interfase. Más efectivo, sin embargo, se ha mostrado 
el método denominado de coesparcimiento, en el cual el adsorbato no se 
añade a la subfase acuosa, sino que se coesparce mezclado con el lípido 
sobre la superficie acuosa,8–11 de tal forma que el colorante queda retenido 
en la interfase mediante interacciones, principalmente, electroestáticas. Con 
estos métodos, se ha ampliado el rango de moléculas que pueden ser 
estudiadas mediante la técnica de Langmuir. 
Junto a las medidas de A en la balanza de Langmuir, existe una gran 
variedad de técnicas disponibles que permiten caracterizar la monocapa en 
la interfase aire−agua. En la Tabla 1.1 se recogen algunas de las técnicas de 
caracterización de películas de Langmuir formadas en la interfase 
aireagua. 
 
Tabla1. Técnicas de caracterización de monocapas en la interfase 
aireagua y aire-sólido. 
        Técnicas Información Referencias 
Presión Superficial Área por molécula Presión de colapso Fases de la monocapa 
12 
Reflexión con  incidencia normal 
Densidad molecular Orientación y agregación del colorante 
13 
Difracción de rayos X (XRD) 
Espaciado y estructura en capas empaquetadas 
14 
Espectroscopia fotoelectrónica de Rayos X (XPS) Composición elemental 15 
Espectroscopia IR con transformada de Fourier 
Orientación media de las cadenas alifáticas de las moléculas en la monocapa 
16 
Microscopia  de fluorescencia 
Estructura de la monocapa y evolución de las fases 
17 
Microscopía de ángulo Brewster (BAM) 
Morfología de la monocapa y comportamiento de las fases 
18,19 
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1.1.2.2. Interfase Aire−Sólido 
La formación y el estudio de este tipo de películas se basan en el gran 
interés que suscita la construcción de sistemas formados por moléculas que 
interactúan entre sí como partes de una máquina. Son los denominados 
ensamblajes moleculares organizados, constituyentes básicos de la 
Nanotecnología. Una de las formas utilizadas para construir estos sistemas 
se basa en la incorporación de moléculas activas dentro de monocapas de 
matrices apropiadas, y en el ensamblaje de las mismas de una manera 
predeterminada. Cada monocapa se prepara en la interfase aire−agua 
mediante el esparcimiento de las moléculas de una forma adecuada, para 
posteriormente ser fijada sobre un soporte sólido formando por estructuras 
supramoleculares con características definidas. 
Con el fin de construir, ensamblar y manipular películas simples, que 
han sido previamente preparadas en la interfase aire−agua, Irving Langmuir 
y Katherine Blodgett desarrollaron la técnica que lleva su nombre, películas 
de Langmuir-Blodgett (LB). No obstante, no es hasta principios de los 60 
debido, en gran parte, al trabajo realizado por Kuhn y col.,20 cuando la 
necesidad de construir sistemas organizados complejos mediante el 
ensamblaje de monocapas de manera controlada, impulsa el desarrollo de la 
técnica LB. Este interesante campo de la ciencia ha experimentado un 
rápido crecimiento durante las últimas décadas.2,20–23 
Asimismo, Langmuir y Schaefer24 describieron una técnica de 
deposición horizontal o “touching”, en la que un soporte  se sitúa de forma 
paralela a la superficie cubierta por la monocapa. Así, la transferencia de la 
monocapa se efectúa con el levantamiento del soporte de la interfase. 
Además, en la bibliografía se pueden encontrar otros métodos de  
transferencia en los que la interacción existente entre la subfase, monocapa 
y sustrato sólido cambia con respecto a los anteriores. Así, se encuentra el 
método de contacto de Schulman25  y el de Kossi y Leblanc,26 quienes han 
publicado una técnica que combina la deposición vertical con la de contacto 
para la fabricación de sistemas modelo de membrana. 
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1.2. Diacetilenos 
1.2.1. Introducción 
En el área de investigación de nuevos materiales con interés en el ámbito 
de sensores químicos y biológicos, hay un tipo de material, caracterizado 
por la presencia de una nube de electrones deslocalizados a través de los 
dobles enlaces en los polímeros conjugados, que le aporta unas propiedades 
electrónicas y ópticas únicas, haciéndolo altamente atractivos. 
Dentro de ese tipo de materiales, se pueden encontrar los diacetilenos 
(DAs), cuya estructura se esquematiza en la Figura 3, donde R y R´ pueden 
ser cualquier grupo funcional, ya sean iguales o diferentes. Estas moléculas  
comienzan a estudiarse hace algo más de un siglo, si bien no es hasta 1969, 
cuando Wegner27 interpreta el efecto que se produce en ellos al polimerizar 
en estado cristalino, cuando se convierten en un tema de investigación de 
gran relevancia. 
Como se ha referido más arriba, el interés en estos compuestos se 
fundamenta principalmente en el hecho de que sirven como base para 
obtener sistemas -conjugados, pudiéndose preparar a partir de ellos 
compuestos insaturados como eninos, butadienos y poliinos o 
polidiacetilenos, ampliamente utilizados en diversos campos de aplicación 
tales como el desarrollo de receptores fotográficos,28 sensores de 
temperatura y de radiación UV,29 o en dispositivos de reconocimiento de 
huellas dactilares.30 
 







Capítulo  I: Introducción  
 30 
El gran abanico de campos de investigación en los que se pueden 
emplear esta familia de compuestos motivó a los investigadores a estudiar 
en detalle las distintas vías posibles de síntesis, así como las propiedades 
potenciales que presentaban los productos obtenidos. Entre los primeros 
procesos de síntesis establecidos se encuentra el llevado a cabo por 
Eglinton31 quien hizo reaccionar a grupos acetileno con acetato cúprico en 
presencia de piridina. Los estudios de este tema continuaron y un año 
después, en 1957, Cadiot y col.32 consiguieron, con éxito, hacer 
interaccionar a un haloacetileno con hipobromito de sodio, obteniendo como 
producto compuestos que tienen como terminación un grupo acetileno 
terminal. Este método de síntesis obtuvo tanta aceptación que, actualmente, 
se considera el método más conveniente para sintetizar diacetilenos 
disustituidos. 
Llegados a este punto, en el que queda establecido el método de síntesis 
más apropiado para obtener diacetilenos y una vez estos se encontraron 
suficientemente caracterizados mediante técnicas como la espectroscopía de 
infrarrojo33 y Raman,34 se procedió a estudiar el mecanismo de 
polimerización. 
 
1.2.2. Mecanismo de la Polimerización 
Los polidiacetilenos (PDAs), formados a partir de la polimerización de 
los diacetilenos cuando se irradian con luz UV produciéndose una transición 
cromática de incoloro a azul, fueron aislados por primera vez por Wegner a 
través de la polimerización en esta sólido de butadienos 1,3 disustituidos.38 
Wegner caracteriza la polimerización como una adición 1,4: monómeros 
adyacente de diacetileno (DA) establecen un enlace entre los átomos C1 y 
C4 para formar una cadena completamente conjugada. Generalmente, para 
que se produzca la polimerización en los cristales de DA es necesaria que la 
distancia entre las unidades de monómero sea de aproximadamente 5Å y el 
ángulo de apilamiento de unos 45º (ver Figura 4). 
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Sobre esta base, Wegner propone que el cambio de color que se produce 
durante el proceso de polimerización, de incoloro (unidades de diacetileno) 
a azul (polímero conjugado), puede atribuirse a los cambios 
conformacionales que se producen en los carbonos situados en las 
posiciones C1 y C4, considerando que los carbonos de los diacetilenos 
adyacentes, situados en estas posiciones, se unen entre sí formando un 
entramado molecular. Además, para que esta reacción tenga lugar es 
necesario superar una barrera de energía, esta energía adicional puede ser 
aplicada mediante fotones-UV, rayos-X o cuantos-, siendo, en algunos 
casos, los fotones generados térmicamente suficientes para provocar el 
proceso de polimerización (ver Figura 4). 
En algunos aspectos, se ha obtenido gran información a partir del 
análisis estructural realizado con Rayos-X, así como de las conclusiones 
obtenidas de las investigaciones químico-físicas, discutidas por Wegner,39 
Baughman40,41 y Chance.42 Sin embargo, la identificación y los detalles de la 
caracterización de los intermedios individuales que se generan durante la 
reacción y de sus cinéticas se han podido estudiar únicamente mediante 





Figura 4. Proceso de polimerización de un diacetileno modelo. 
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1.2.3. Propiedades estructurales de polidiacetilenos (PDA): cambio 
cromático 
Quedando establecido el mecanismo mediante el que se produce la 
polimerización de los diacetilenos surge el siguiente tema de controversia: 
explicar el mecanismo de una segunda transición cromática detectada como 
respuesta a la acción de factores externos. Este cambio cromático ocurre de 
una fase azul a una fase roja (blue-to-red) (Figura 5). 
La transición cromática azul-a-rojo se produce cuando el PDA es 
expuesto a un estímulo externo como puede ser un cambio de temperatura, 
estrés mecánico, presencia de un disolvente orgánico o interacción con un 
bioreceptor permitiendo su uso en sensores ópticos y fluorescentes, de ahí el 
gran interés que han despertado estos compuestos en los últimos años.  
Establecer el mecanismo mediante el cual se producía la transición azul-
a-rojo no ha sido una tarea fácil y aunque hasta la fecha no se ha 
determinado dicho mecanismo de forma precisa, desde que se comenzó a 
estudiar este fenómeno se han propuesto algunos modelos que intentan 
 
Figura 5. Esquema de los cambios estructurales que se producen en un PDA cuando tiene lugar la transición de fase azul (A) a la roja (B). 
Capítulo  I: Introducción  
  33 
explicarlo. Por ejemplo, Baughman40 pensaba que la transición cromática se 
producía por un reordenamiento de los enlaces en la estructura del PDA 
mientras que Lim y col.44 propusieron que la liberación de la tensión de la 
cadena lateral que se producía bajo estimulación causaba la rotación del 
enlace C-C en la estructura del PDA. Según el estudio realizado por Ahn y 
colaboradores,45 este cambio conformacional es el responsable de la 
modificación del grado de conjugación de los orbitales , permitiendo un 
cambio en la respuesta del cromóforo ante la transición electrónica. De esta 
manera, la forma azul tiene una estructura completamente plana, mientras 
que la forma roja tiene algún grado de torsión que acorta la longitud efectiva 
de la conjugación (ver Figura 5). 
Por lo tanto, cuando el PDA presenta una configuración plana tiene un 
máximo de absorbancia a 650 nm; apareciendo de color azul al ojo humano. 
Por otro lado, el PDA cuya configuración no es plana tiene un máximo de 
absorbancia a 540 nm, presentando al ojo humano una coloración roja (ver 
Figura 6).  
 
1.2.4. Otras propiedades 
 Figura 6. Espectros de absorción UV-visible de la fase azul (a) y roja (b) del ácido  10,12-pentacosadiinoico. 
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El potencial de las propiedades ópticas y fluorescentes de los PDAs y su 
versatilidad tiene su comienzo en los años 80 del pasado siglo. Desde 
entonces, hay un gran interés focalizado en la búsqueda de nuevas 
propiedades y aplicaciones. 
Entre las propiedades que resultan de interés se encuentran la alta 
susceptibilidad en óptica no lineal,46 la ultrarrápida respuesta óptica47 o la 
fuerte anisotropía estructural impuesta por el alto alineamiento de la 
estructura, todo ello como consecuencia de un cambio cromático detectado 
a simple vista. Sin embargo, en la mayoría de los sistemas formados por 
polidiacetilenos puros o mixtos empleando polidiacetilenos como uno de 
sus componentes, este cambio cromático azul-a-rojo es irreversible, i.e., el 
cambio de color que tiene lugar cuando se aplica un estímulo externo es 
irreversible, es decir no vuelve al estado inicial cuando se retira el estímulo 
aplicado. En este contexto, uno de los principales retos en este campo ha 
sido, y continúa siendo, conseguir polidiacetilenos, o sistemas mixtos, en los 
que el cambio cromático azul-a-rojo sea reversible y estable con el fin de 
ampliar la aplicabilidad de los sensores que se están fabricando con este tipo 
de compuestos. Durante el curso de las investigaciones encaminadas al 
desarrollo de quimiosensores,48,49 basados en PDA y PDAs 
supramoleculares colorimétricamente reversibles,50–52 se identifica el 
requerimiento de fuertes interacciones entre los grupos funcionales con el 
fin de conseguir la reversibilidad cromática durante ciclos sucesivos, por 
ejemplo, de calentamiento-enfriamiento. Además, se observa que dichas 
interacciones hacen que las estructuras de PDAs formadas sean más estables 
frente a la estimulación térmica.53 Por el contrario, se consigue más 
sensibilidad colorimétrica cuando los polímeros se obtienen a partir de 




1.2.5. Películas Delgadas de Diacetilenos 
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La versatilidad de este tipo de compuestos se pone de manifiesto en las 
distintas formas en las que se ha podido obtener el polímero, desde 
estructuras cristalinas simples,55 hasta multicapas y monocapas organizadas 
tanto de Langmuir56 como autoensambladas,57 vesículas suspendidas en 
líquidos58 o como dispositivos incorporados en matrices inorgánicas.59 
En la última década, y en el marco de la micro y nanociencia, se ha 
determinado la utilidad de la formación de películas delgadas de algunos 
compuestos que son interesantes debido a sus aplicaciones en sensores 
colorimétricos y en estudios fundamentales en pruebas de sensibilidad 
superficial.52 De esta forma, la formación de películas delgadas de 
diacetilenos en la interfase aire−agua se estudia desde el pasado siglo, 
siendo el primer estudio el realizado por Tieke y col. en 1976.60 
Desde entonces han sido muchos los trabajos publicados, debido a que 
entre otros motivos, una de las ventajas que presenta esta técnica es que los 
monómeros hidrofóbicos pueden esparcirse en la interfase aire−agua 
disueltos en disolventes orgánicos. Como ejemplo de esto encontramos el 
artículo de Day y col.,61 quien formó monocapas de ácido 10,12-
pentacosadiinoico en la interfase aire−agua. Además, esta técnica, permite 
observar cambios en variables tales como la presión superficial,62 el 
espectro UV-Vis o en el área por molécula de la monocapa medida a tiempo 
real, proporcionando información tanto del proceso de polimerización como 
del cambio cromático que se produce en la interfase aire−agua.63 Ejemplo 
de esto es el estudio publicado por Tomika64 en 1989 en el que estudiaba, in 
situ, la el efecto que produce la presión superficial en la transición 
cromático de las monocapas de polidiacetilenos formadas en la interfase 
aire−agua. 
Adicionalmente, las monocapas, monoméricas o poliméricas, formadas y 
caracterizadas en la interfase aire−agua pueden fijarse a un soporte sólido 
empleando la técnica de Langmuir-Blodgett (LB) como hizo Mino65 cuando 
transfirió doce monocapas de PDA a un soporte de sílice para estudiar, 
mediante el registro de los correspondientes espectros de absorción UV-
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Visible e IR, el cambio cromático experimentado en dichas películas bajo 
calentamiento, o Langmuir-Schaefer (LS) utilizada por Guo et al66 cuando 
obtuvieron películas de PDA modificado con carbohidratos para fabricar 
biosensores de aglutininas de germen de trigo (WGA). Ambas técnicas 
permiten no sólo el estudio del proceso de polimerización de los 
monómeros anfifílicos reactivos en estado bidimensional de forma 
cuantitativa, sino la elucidación en morfología, ordenamiento molecular o 
cristalinidad de los componentes.62,67 
 
1.2.6. Aplicaciones 
Como se ha hecho referencia en los apartados anteriores, y debido a sus 
interesantes propiedades ópticas, electrónicas y estructurales, los PDAs 
constituyen un área de investigación de atractivo interés científico. Desde la 
primera síntesis, llevada a cabo por Wegner en 1969,27 los PDAs han tenido 
una amplia audiencia científica: Ringsdorf y col.61,68 prepararon membranas 
y vesículas entre los años 70 y 80; Charych y col.69 fueron pioneros en la 
fabricación de materiales basados en PDA como biosensores en los años 90 
y Muthitamonglol y col.70 utilizaron PDAs en la fabricación de células 
solares.  
La aplicación de dichos materiales se dirige en base al estímulo que 
genera el cambio cromático blue-to-red. De esta forma, los sensores pueden 
clasificarse en: 
 Termocrómicos: la transición cromática se debe a un cambio de 
temperatura.34,71 Recientemente, Yoon y col.72 utilizan disoluciones de DA 
para impregnar documentos con el fin de poder utilizar el DA como método 
de validación (ver Figura 7). 
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 Solvatocrómicos: Respuesta del polímero en presencia de disolventes 
orgánicos.73,74 La inducción de la transición cromática azul-a-rojo por un 
disolvente orgánico es interesante debido a que la respuesta colorimétrica 
depende tanto de la naturaleza del disolvente orgánico como de la estructura 
del monómero de diacetileno. Así, sería posible diferenciar, 
colorimétricamente, disolventes orgánicos empleando esta metodología, 
como muestra de ello se encuentra en el trabajo publicado por Eaidkong y 
col.75 en el que impregnan papel con determinados PDAs para utilizarlos 
como sensores colorimétricos en la detección e identificación de 
compuestos orgánicos volátiles (ver Figura 8).  
 Mecanocrómicos: Mediante estrés mecánico, por ejemplo por la 
aplicación de presión externa, tiene lugar el cambio cromático. Los 
materiales que presentan esta propiedad pueden ser utilizados en sistemas 
que registran, o son sensibles, a la presión. Un ejemplo del efecto 
mecanocrómico a nanoescala fue observado por Burns y col.76 quienes 
estudiaron la transición cromática inducida por la presión generada por dos 
 




Figura 8. Esquema del cambio cromático de azul-a-rojo que se produce en los PDAs en presencia de disolventes orgánicos. 
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puntas microscópicas contenidas en una fibra situada en contacto con la 
monocapa de PDA. 
 Afinocrómicos: La capacidad de respuesta en el estudio de las 
interacciones ligando-receptor (moléculas biológicas) o químicas 
(elementos contaminantes) es probablemente una de las características más 
atractivas que los PDAs ofrecen como sensores crómicos (de color o 
fluorescencia). Ejemplos de este fenómeno los podemos encontrar en el 
estudio de  transición cromática debida a la interacción del PDA con el virus 
de la gripe realiza por Charych y col.69 en 1993. También se han utilizado 
los PDAs en la detección de glucosa77 basándose en cambios 
conformacionales ligando-inducidos de hexoquinasa inmovilizada en 
películas de PDAs. Un ejemplo de este mecanismo se esquematiza en la 
Figura 9. 
Por otra parte, la capacidad de respuesta de los PDAs en la detección de 
moléculas biológicas ha sido utilizada para el estudio de procesos 
interfaciales de membrana.69,78 De esta manera, se ha demostrado que la 
incorporación de fosfolípidos, tales como la fosfatidilcolina, a la estructura 
del PDA sin que esto perturbe las propiedades colorimétricas del polímero 
conjugado,79 permite la simulación de procesos en la membrana celular: 
screening antibacterial en péptidos de membrana,80 detección de cationes 
 
Figura 9. Representación esquemática del proceso que tiene lugar durante el reconocimiento ligando-receptor que conlleva a la transición cromática azul-a-rojo. 
(Ligando)
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metálicos,81 o reconocimiento anticuerpo-epítopo.82 Estos estudios indicaron 
que la superficie del sistema polidiacetileno/fosfolípido sirve como una 
plataforma modelo para los procesos interfaciales de membrana. 
 
1.3. Perovskitas 
En nuestra vida cotidiana encontramos muchos ejemplos de materiales 
orgánicos e inorgánicos, así como de los materiales híbridos orgánico-
inorgánicos que tanto se han estudiado en las últimas décadas. Por ejemplo, 
el hardware de los ordenadores se ayuda, en gran medida, de materiales 
orgánicos e inorgánicos para la ejecución física de procesos 
computacionales. Por otro lado, la silicona cristalina, proporciona un marco 
de alta movilidad (y un óxido aislante muy cómodo y eficaz) para la 
construcción de un ordenador, es decir para fabricar los componentes de 
memoria, así como los circuitos controladores de pantalla. Por todo esto, las 
nuevas tecnologías basadas en materiales orgánicos, tales como OLEDs 
(diodos orgánicos emisores de luz) y OFETs (transistores orgánicos de 
efecto de campo), son muy viables comercialmente. 
El interés generado, en los últimos años, por los materiales orgánicos se 
basa, principalmente, en que tienen un bajo coste, una buena procesabilidad 
a baja temperatura y en la gran cantidad de propiedades físicas que se ha 
observado que presentan. Además de ofrecer muchas posibilidades 
importantes por sí mismas, los materiales orgánicos e inorgánicos tienen 
limitaciones impuestas por las propiedades químicas y físicas que subyacen 
a estos materiales. Consecuentemente, combinando las características de los 
materiales orgánicos con los de los inorgánicos, a escala molecular simple, 
se obtienen materiales con unas características más funcionales que las que 
tenían los materiales usados para crear nuevos sistemas ópticos y 
electrónicos.  
En el último siglo se ha producido una intensa investigación a nivel 
molecular de la actividad de compuestos cristalinos con propiedades 
fotoluminiscentes, electroluminiscentes o en óptica no lineal. A lo largo de 
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este camino de investigación, se ha puesto de manifiesto que la combinación 
de elementos orgánicos e inorgánicos en el diseño de nuevos materiales con 
determinadas propiedades ha aumentado la estabilidad y eficiencia de los 
mismos.94,95 
Hasta la fecha, la investigación de híbridos orgánico-inorgánicos ha 
estado enfocada en la búsqueda de compuestos con propiedades mejoradas 
respecto a las que se conseguían para los materiales orgánicos o inorgánicos 
por sí mismos, o en los que se combinan las propiedades de ambos 
componentes en un material simple. De esta manera, la interacción ente las 
subunidades orgánicas e inorgánicas del híbrido, puede, además, dar lugar a 
nuevos fenómenos de interés. 
En los últimos años, se ha redescubierto el potencial de compuestos 
híbridos basados en perovskitas con estructuras complejas, basadas a escala 
molecular en compuestos de naturaleza orgánica e inorgánica, que tienen 
una alta capacidad de conducir la electricidad, de ahí el interés en su 
estudio.96–98 De hecho, se encuentra abundante bibliografía sobre la utilidad 
de este tipo de compuestos en dispositivos tales como, diodos emisores de 
luz, transistores de efecto de campo y células solares.99–102 La mayoría de las 
investigaciones están enfocadas al estudio de sus propiedades foto- y 
electroluminiscentes103 y termodinámicas,104 así como a las técnicas de 
fabricación de películas bi y tri-dimensionales de sistemas híbridos basados 
en perovskitas.105,106 
La perovskita orgánico-inorgánicas es un tipo de material cristalino 
híbrido que en los últimos años ha despertado un gran interés. La parte 
inorgánica de la estructura formada proporciona el potencial necesario para 
la alta movilidad eléctrica, la mejor estabilidad térmica, y la oportunidad de 
que se produzcan transiciones magnéticas y dieléctricas. Por su parte, los 
componentes orgánicos pueden proporcionar una fluorescencia eficiente, 
facilitar el método de procesamiento de estos materiales, además de 
contribuir a favorecer las propiedades de transporte eléctrico. Es decir, 
mediante la combinación de algunas de estas características, que presenta 
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los compuestos orgánicos e inorgánicos por sí mismos, dentro del área de 
las perovskitas híbridas, se han propuesto un número importante de 
oportunidades para los dispositivos electrónicos orgánico-inorgánicos.97   
Recientemente, se ha puesto de manifiesto la utilidad de este tipo de 
material en la fabricación de células solares, aumentando la eficiencia de 
dichos dispositivos frente a la obtenida por sistemas basados en material 
orgánico y acortando la diferencia de rendimiento con el obtenido mediante 
unidades de naturaleza inorgánica. 
De entre todas las familias de perovskitas híbridas estudiadas, son las 
basadas en haluro de plomo las que muestran una naturaleza 
semiconductora con un alto potencial de aplicabilidad en la fabricación de 
células solares. La estructura de estas pervoskitas es MX6 (estructura en 
Figura 10), donde M es el metal divalente (Pb2+, Sn2+…) y X corresponde al 
halógeno  (Cl-, Br-, I-). A partir de ellas se forman las pervoskitas híbridas 
por intercalación de los octaedros de perovskita entre láminas de un 
compuesto orgánico que tenga un grupo polar catiónico, sirva como ejemplo 
una estructura tipo (RNH3)2MX4, donde R es un grupo orgánico, tal como 
una cadena alquílica o moléculas orgánicas funcionalizadas que tengan un 
cromóforo como capa orgánica. En este último diseño, se ha demostrado un 
aumento significativo de la fosforescencia de la perovskita híbrida debido a 
la transferencia de energía producida desde el excitón del haluro de plomo a 
la molécula orgánica, cromóforo de naftaleno.95 
Hasta esta década, no se ha estudiado el efecto de cationes amonio de las 
moléculas orgánicas del híbrido (R-NH3)2MX4 o (NH3-R-NH3)MX4 sobre la 
pauta de las inorgánicas (Figura 10), demostrándose que estos compuestos 
existen en una amplia paleta de diferentes patrones inorgánicos desde 0D a 
3D. 
Algunas de las perovskitas del tipo 2D presentan propiedades ópticas 
interesantes, tales como fotoluminiscencia (PL) y electroluminiscencia (EL) 
a temperatura ambiente. La luminiscencia que presentan los materiales 2D 
los hace idóneos para fabricar diodos láser (LD) y diodos emisores de luz 
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orgánico-inorgánicos (OILED).103,108–111 Otra aplicación importante de los 
2D es la fabricación de láseres de polarización, para lo cual es necesaria la 
existencia de un fuerte acoplamiento entre los excitones de los medios 
activos y los modos de fotón de la estructura fotónica.112 
Debido a la naturaleza auto-organizada de las perovskitas de haluro en 
las que se alternan monocapas de semiconductor inorgánico, que contiene 
estructuras octaédricas de PbX6, con monocapas de compuestos orgánicos 
con amonio, se ha puesto un gran interés en la fabricación de películas 
altamente ordenadas mediante técnicas como spin-coating simple, dip-
coating y deposición a vacío.113–116 
En este sentido, se han preparado capas ordenadas de perovskita 
mediante la técnica LB que proporciona un nuevo enfoque no solo para 
preparar películas delgadas de perovskita, cuyo espesor puede ser 
controlado a nivel molecular, sino también porque permite preparar nuevos 
tipos de perovskita laminadas bi-dimensionales. Para ello, se pueden utilizar 
una gran variedad de moléculas anfifílicas funcionalizadas con amonios, 
tales como moléculas de amonio que contengan largas cadenas alquílicas.117  
 
 
Figura 10. Representación esquemática de las monocapas que se observan cuando se forman perovskitas híbridas orgánico-inorgánicas de haluros de plomo.  
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1.4. Agregación Molecular 
1.4.1. Introducción 
En esta sección se estudia la agregación molecular de forma general, 
aunque particularizado al estudio de agregados formados por cianinas y 
derivados, confinados en un medio 2D como la interfase aire−agua y las 
películas Langmuir-Blodgett (LB). 
Se han seleccionado estos sistemas, cianina y derivados, como ejemplo 
de estudio de la agregación, ya que forman parte de los sistemas estudiados 
en esta Tesis, y desde el punto de vista histórico fueron no sólo las primeras 
moléculas en las que se observó el fenómeno de la agregación molecular, 
sino además uno de los sistemas más estudiados y que más publicaciones 
tienen en este campo.  
En la década de los años 30 del siglo XX, Scheibe120 y Jelley121 de forma 
simultánea observaron los cambios en el espectro UV-Visible de una 
cianina en disolución acuosa al compararlo con el obtenido usando etanol 
como disolvente. Al cotejar los espectros, se ponía de manifiesto que el 
máximo de absorción se desplazaba a menores energías con etanol, y un 
comportamiento similar ocurría si se incrementaba la concentración de 
cianina o se añadía a la subfase cloruro sódico, haciéndose la banda más 
intensa y estrecha con grandes desviaciones de la ley de Lambert-Beer. 
Jelley and Scheibe atribuyeron los cambios en el espectro a la auto-
agregación del colorante cianina. 
La mayor parte de las propiedades espectroscópicas de los agregados 
moleculares son consecuencia de las propiedades individuales de las 
moléculas. Sin embargo, a pesar de que en estos sistemas la energía de 
interacción entre las moléculas es débil, es posible observar grandes 
diferencias entre los espectros de absorción de la molécula aislada y del 
agregado molecular. 
Hoy en día se conocen estos agregados como agregados Scheibe o 
agregados J, en honor a sus descubridores. Estos agregados J presentan 
bandas con altos coeficientes de absorción ε, y desplazadas hacia valores de 
Capítulo  I: Introducción  
 44 
menor energía (batocrómicas) con respecto a la banda del monómero, así 
como propiedades fluorescentes con pequeños desplazamientos de Stokes. 
En cambio, los agregados con bandas de absorción desplazadas a 
mayores energías (hipsocrómicas) son los llamados agregados H, y en la 
mayoría de los casos no son fluorescentes. Los desplazamientos espectrales 
de los agregados H y J, indican que las propiedades moleculares 
individuales son alteradas por la agregación, formándose estados excitados 
coherentes debido al acoplamiento de los momentos dipolares de transición 
de cada molécula. Estos cambios espectrales fueron interpretados por 
primera vez por Förster mediante el modelo del oscilador clásico,122 y 
después mediante la teoría de los estados excitados o teoría del excitón de 
Davydov.123 Posteriormente algunos autores como Kuhn y Dietz aplicaron 
métodos cuánticos para calcular el desplazamiento del espectro de cianinas 
para los H y J agregados.124  
El descubrimiento de la agregación ha significado un gran hito en la 
química de los colorantes y el germen de la química supramolecular, 
otorgando a estos sistemas multitud de propiedades ópticas y fotoquímicas 
que han derivado en valiosas aplicaciones.125 
   
1.4.2. Espectro UV-Visible de las Cianinas y sus Agregados 
Las cianinas, son colorantes que se clasifican en base a la longitud de la 
cadena cromófora que conecta los dos heterociclos aromáticos,126,127 siendo 
n el número total de grupos metileno (CH)n de la cadena (ver Figura 11). 
Se denomina cianina a aquella molécula que tiene un único grupo 
metileno (n=0), y carbocianina a la que presenta tres grupos metileno (n=1), 
dicarbocianina y tricarbocianina las que contienen cinco (n=2) y siete (n=3), 
respectivamente.  
Capítulo  I: Introducción  
  45 
Los heterociclos aromáticos dador (D) y aceptor (A) de cada molécula de 
cianina se conectan a través de la cadena alquílica, alternando enlaces 
simples y dobles, y simultaneando la densidad electrónica π entre los 
átomos de carbono, como se muestra en la Figura 12. La gran fuerza del 
oscilador de la cadena de polimetileno provoca el pronunciado color. 
El espectro UV-visible del monómero de la tiacarbocianina en 
disolución, muestra una intensa banda de la transición electrónica 0→0, 
(S0→S1) siendo esta transición fundamentalmente del tipo, π → π* y un 
hombro a mayor energía que está relacionado con las transiciones 
vibracionales de la molécula, esencialmente a las vibraciones C-C.128 
La posición de la banda principal del espectro UV-visible de la cianina, 
además de los factores ambientales como disolvente, pH, presencia de 
 
Figura 11. Estructura y clasificación de las cianinas: n=0 - cianina; n=1 - carbocianina; n=2 - dicarbocianina y n=3 - tricarbocianina. X= S, Se, O, N...; Y = Grupos de heterociclos terminales como benzotiazol o benzooxazol; Z¯= Cl ¯, ClO4¯.... 
 
Figura 12. Estructura de la cadena de polimetileno, donde se muestra la densidad de carga positiva y negativa, respectivamente.  
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electrolitos, presencia de aditivos como alcoholes y ácidos, depende del 
número de grupos metilenos conjugados que hay entre los dos heterociclos, 
así la banda aparecerá a una mayor longitud de onda a medida que se 
incrementa el número de grupos metilenos, n (Tabla 2).129  
Aunque el espectro UV-visible del monómero de cianina puede 
modificarse por factores ambientales y estructurales, los cambios más 
sustanciales en el espectro se deben al efecto de la agregación, 
produciéndose la aparición de nuevas bandas hacia mayores y menores 
longitudes de onda con respecto al monómero. 
Como se ha descrito en el apartado anterior, un agregado formado por 
moléculas de monómero, será activo desde el punto de vista espectroscópico 
y, por tanto tendrá absorción, si el sumatorio de los dipolos de transición de 
las moléculas de monómero que lo forman es diferente de cero. Los dipolos 
de transición de las moléculas de monómero que forman el agregado pueden 
alinearse de forma paralela o perpendicular, pasando por los diferentes 
ángulos de alineación entre ellos, y formando los agregados H y J entre 
otros. Estos agregados pueden formarse espontáneamente en disolución 
cuando se incrementa la concentración, o a través de las películas de 
Langmuir confinados en un medio 2D, y formando estructuras de diferente 
número de moléculas, que pueden ir desde las más simples (dímeros), a 
grandes estructuras formados por 103-106 moléculas.130  
El número de unidades de monómero que forma el agregado, es decir la 
longitud coherente del excitón, es mucho menor que el tamaño del dominio 
formado, así el número de unidades de monómero sobre las que se 
deslocaliza la función de onda del excitón (longitud coherente del excitón), 
N λmax (nm) εmax (M-1cm-1) 0 423 83.103 1 558 168.103 2 650 235.103 3 758 251.103 
Tabla 2. Serie de absorción de la 3,3´-Dietil-2,2´- tiocianina en etanol.  
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no suele superar el número varias decenas de unidades monoméricas, 
aunque algunos estudios demuestran que la migración del excitón en 
algunos sistemas y en ciertas condiciones de temperatura, puede migrar a 
través de 6x104-6x106 unidades monoméricas,131 en cualquier caso es muy 
pequeña en comparación con el tamaño del dominio. De esta forma, pueden 
existir dominios macroscópicos formados por agregados moleculares de 
diferente longitud coherente, dando lugar a espectros complejos con 
múltiples bandas, como los agregados tubulares de doble capa que se 
forman en disolución y dan lugar a un espectro complejo de cuatro bandas 
de absorción.132 De esta manera, sistemas formados en distintas condiciones 
de pH y con diferentes sales en el medio, dan lugar a dominios con 
morfología diferente, pero con el mismo espectro de absorción, lo que 
demuestra que aunque la morfología de los dominios macroscópicos no se 
conserve, presentan la misma agregación a escala molecular. 
Si tomamos como ejemplo un agregado formado por moléculas 
anfifílicas confinados en un medio 2D, como la interfase aire−agua, y sus 
dipolos de transición no son paralelos en el agregado, tanto la componentes 
H como la J pueden ser activas, dando lugar a un desdoblamiento o 
"splitting" de la banda, y apareciendo una estrecha banda perteneciente a un 
agregado J, y una banda más ancha correspondiente al agregado H,133 con 
diferentes propiedades de polarización. Así, pueden existir tantas bandas en 
el espectro como moléculas no equivalentes existan por celda unidad, según 
el modelo de Davydov.123,134  
También pueden observarse diferentes agregados J en el mismo sistema, 
los cuales pueden ser identificados por: 1) la posición de la banda J en el 
espectro; 2) la anchura de la banda de absorción y fluorescencia; 3) el valor 
del desplazamiento de Stokes; y 4) la forma del espectro de absorción.135 
Esto ocurre en sistemas no homogéneos, donde debido a las condiciones 
experimentales o de preparación, se forman varios dominios con estructuras 
y tamaños coherentes diferentes.136  
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De otra parte, la morfología de los agregados depende sensiblemente de 
la estructura molecular de los sustituyentes,137 así por ejemplo se han 
observado agregados de cianinas anfifílicas en disolución que con sutiles 
cambios estructurales en los sustituyentes hidrofóbicos o hidrofílicos 
derivan en diversas formas de agregados tubulares.138 Este cambio se ha 
observado en la formación de monocapas mixtas de Langmuir de cianina y 
diacetileno estudiadas en el Capítulo IV de esta memoria. 
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2.1. Técnicas de Caracterización de la Monocapa en la Interfase 
Aire−Agua 
2.1.1. Isotermas 
Los registros de isotermas presión superficial-área por molécula (−A) y 
las curvas de estabilidad de área frente al tiempo, a presión superficial 
constante, constituyen el primer paso en la caracterización de una monocapa 
de Langmuir. Para ello se emplea la balanza de Langmuir (ver Figura 1). 
Este instrumento consta básicamente de los siguientes elementos: una cuba 
de teflón, que contiene el líquido que constituye la subfase, normalmente, 
agua ultrapura MilliQ o, en ocasiones, una disolución acuosa, y sobre la que 
se deposita la disolución que contiene el material que va a formar la 
película; una barrera móvil que separa la superficie de trabajo, donde se 
esparce la película, de la superficie limpia, y que es la encargada de 
comprimir la monocapa; y un sistema de medición de presión superficial.  
El sistema de medida de presión superficial de las balanzas de Langmuir 
empleadas en esta Memoria fue del tipo Wilhemy. El dispositivo 
experimental de este sistema está constituido por una lámina metálica, o de 
papel, que se encuentra parcialmente sumergida en la subfase y conectada, 
por el otro extremo, a una microbalanza electrónica de alta sensibilidad. De 
los tres tipos de fuerza a los que se encuentra sometida la lámina, peso, 
empuje y tensión superficial, sólo esta última varía por la presencia de la 
monocapa sobre la subfase respecto de la subfase limpia. Por tanto, la 
diferencia entre la fuerza medida antes y después de esparcir la monocapa es 
 





a. Cuba b. Barrera móvil c. Sistema Wilhelmy d. Superficie 
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debida únicamente a la diferencia de tensión superficial, es decir, la presión 
superficial:  = 0  - . 
En la Figura 1 se muestra un esquema de la balanza de Langmuir. En 
esta Memoria se han utilizado dos balanzas comerciales NIMA de tipo 
rectangular, modelos 611D y 601BAM, con una o dos barreras móviles, 
respectivamente. 
 
2.1.2. Microscopía de Ángulo de Brewster (BAM) 
La microscopía de Ángulo Brewster (BAM) es una herramienta 
excelente para el estudio de monocapas, ya que sólo registra la reflectividad 
debida a las moléculas situadas en la interfase aire−agua.1 
La reflectividad en la interfase de dos medios se define como la relación 
entre la fracción de intensidad reflejada e intensidad incidente.2 Esta 
relación depende de la polarización de la radiación y del ángulo de 
incidencia. El fenómeno de polarización de reflexión se produce cuando un 
haz de luz no polarizada incide desde un medio con índice de refracción n1 
en un medio de mayor índice de refracción n2, con un ángulo i tal que el 
rayo refractado forma un ángulo recto con el reflejado. Además, la 
polarización producida por este fenómeno es siempre perpendicular al plano 
de incidencia (polarización s). Aplicando la condición anterior a la ley de 
Snell se obtiene la ley de Brewster (tg i = n2/n1, n2>n1), cuyo esquema se 
representa en la Figura 2.  
La microscopía de ángulo Brewster se basa en este principio. Cuando se 
 Figura 2. Esquema del fenómeno de polarización de la reflexión. 
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hace incidir un haz de luz en la interfase aire−agua con polarización paralela 
al plano de incidencia (polarización p) y con el ángulo Brewster respecto a 
esta interfase (i = 53.1º) toda la radiación es transmitida, no produciéndose 
reflexión alguna. Si se esparce una monocapa de moléculas sobre la subfase 
acuosa se forma una nueva interfase, donde los índices de refracción son 
naire y nmonocapa, y en la que el ángulo Brewster disminuye ligeramente. En 
estas condiciones, y si mantenemos el ángulo de incidencia original, parte 
de la luz se refleja, debido únicamente a la presencia de la monocapa. Si, a 
continuación, esta radiación es recogida por una cámara, podemos observar 
directamente la morfología de la película durante su proceso de formación. 
Además, su posterior análisis puede aportar valiosa información acerca de la 
organización molecular dentro de la película. De ésta forma, por ejemplo, 
teniendo en cuenta que la polarizabilidad de una cadena hidrocarbonada 
extendida es mayor a lo largo del eje que perpendicular al mismo, la 
anisotropía óptica de los dominios puede ser observada mediante BAM. 
Ésta técnica, frente a otras como la microscopía de fluorescencia, ofrece 
mayor contraste en aquellos dominios con diferente orientación azimutal,3 
además de no necesitar una sonda fluorescente que añadir a la película. 
 
Figura 3. Imagen del Microscopio de Ángulo de Brewster. 
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Las imágenes de microscopía de ángulo Brewster han sido obtenidas 
mediante un sistema comercial I-Elli2000 de Nanofilm (Göttingen, 
Alemania). El montaje experimental1,3 del microscopio BAM se halla 
acoplado a una balanza de Langmuir donde se esparce la monocapa objeto 
de estudio. La Figura 3 muestra una fotografía del equipo utilizado en esta 
Memoria.  
El dispositivo se compone de un láser verde (Nd:YAG, 50mW, 532 nm) 
que produce un rayo de luz de 1.3 mm de diámetro, el cual tras atravesar un 
polarizador adquiere polarización p e incide posteriormente sobre la 
interfase con un ángulo de 53.1º, ángulo de Brewster. En este sistema la 
intensidad de la luz refractada es absorbida por una trampa de luz colocada 
en el fondo de la balanza, mientras que la radicación reflejada pasa a través 
de un objetivo cuya distancia focal es de 20 mm y llega a una cámara CCD 
de alta sensibilidad, donde se recoge la reflectividad debida a la presencia 
de la monocapa en la interfase. La cámara CCD es capaz de registrar de 
forma electrónica la intensidad y el punto de llegada de pequeñísimas 
cantidades de luz que, a través de la aplicación informática que controla el 
equipo, son convertidas a imágenes de mapa bits (768 x 562 píxeles) para su 
representación y análisis. El procesado de la imagen incluye la corrección 
geométrica de ésta, así como el uso de filtros para reducir interferencias y 
ruido. Asimismo, el brillo de la imagen se re-escala para mejorar el 
contraste.  
La resolución lateral del sistema óptico en el plano de la superficie 
acuosa es de 2 μm. El microscopio está equipado con un analizador que 
permite observar la posible anisotropía óptica en el interior de los dominios 
en que se organizan las moléculas que forman la película. De este modo, 
mediante la rotación del analizador respecto a la dirección de la luz 
incidente p-polarizada, se pueden observar diferencias en el contraste dentro 
de un mismo dominio, fenómeno indicativo de una diferente orientación 
molecular. Tanto el microscopio como la balanza están situados sobre una 
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mesa antivibratoria Halcyonics MOD-2 S (Göttingen, Alemania), dentro de 
una cámara limpia. 
 
2.1.3. Espectroscopia de Reflexión UV-vis bajo Incidencia Normal 
Ésta técnica se basa en la diferencia de reflectividad existente entre una 
superficie acuosa cubierta con una monocapa y la superficie acuosa limpia. 
El método aplicado, representado en la Figura 4, utiliza luz no polarizada, la 
cual se hace incidir de forma normal sobre la superficie del agua.  
RS y RD,S corresponden a las cantidades de radiación reflejadas en 
ausencia y en presencia de monocapa, respectivamente. Cuando la reflexión 
y la absorción son pequeñas, se cumple aproximadamente que4 
 ܴ஽,ௌ = ܴௌ + ܴ஽ + ܣඥܴௌ (2.1) 
donde RD y A son la reflexión y absorción propias de la monocapa, 
respectivamente. El término ܣඥܴௌ representa la amplificación de la luz 
reflejada a consecuencia de la absorción. Asimismo, RD ≈ A×AM/4, donde 
AM  es la absorción máxima. 
RD,S y RS se determinan simultáneamente en una misma experiencia, por 
lo que la medida experimental es directamente la diferencia entre ambas 
 ∆ܴ = ܴ஽ௌ − ܴௌ = ܣ ቀඥܴௌ + ஺ಾସ ቁ ≈ ܣඥܴௌ (2.2) 
En general, la absorción de la monocapa es lo suficientemente pequeña 
como para despreciar el término AM/4. Asimismo, en este caso, absorción y 
 Figura 4. Esquema del proceso de reflexión de la luz.  
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absorbancia están relacionadas mediante el factor numérico 2.303, por lo 
que 
 ∆ܴ = 2.303 ∙ 10ଷ ଴݂ߝΓඥܴௌ (2.3)
donde ε representa la absortividad molar en sus unidades habituales (mol·L-
1·cm-1), es la concentración superficial en mol·cm-2, el factor 103 da 
cuenta del cambio de unidades necesario para que R sea adimensional y, 
por último, f0 es el factor de orientación. Este factor de orientación compara 
las orientaciones promedio del dipolo de transición en disolución y en la 
interfase aire‒agua y, su introducción es necesaria ya que, la absortividad 
molar se define como la que posee el cromóforo en disolución. 
La ecuación (2.3) nos propone un método para detectar la presencia de 
cromóforos en la interfase aire‒agua a partir de medidas del incremento de 
la reflexión de la monocapa con respecto a la interfase aire‒agua limpia, 
permitiendo cuantificar el material existente en dicha interfase y obtener, 
como se describirá más adelante, información sobre la orientación del 
cromóforo. 
Las medidas de reflexión en la interfase aire−agua se han realizado en un 
equipo diseñado por Nanofilm, RefSpec2, cuya fotografía se muestra en la 
Figura 5. 
Para describirla con más detalle en la Figura 5 se recoge un esquema de 
dicho espectrofotómetro.4–6 La fuente de luz empleada consiste en dos 
lámparas, una de deuterio y la otra de tungsteno, ambas instaladas en un 
 
Figura 5. Imagen y esquema de funcionamiento del espectrofotómetro de Reflexión UV-Visible de incidencia normal.  
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soporte de cerámica. La luz sale por una ventana de cristal de cuarzo, que la 
colima hacia la fibra óptica. Posteriormente esta radiación pasa por un 
monocromador instalado en el sensor. De ahí sale e incide en la muestra, 
esparcida sobre la interfase aire−agua. Este mismo sensor enfoca la luz 
reflejada hacia una fibra óptica, para que llegue al detector. Existen dos 
choppers que permiten alternar entre la radiación emitida por la lámpara y la 
reflejada por la muestra, ambos controlados electrónicamente. El chopper 
del sensor tiene su parte trasera cubierta por un espejo de forma que, 
además, sirve como referencia estática para las oscilaciones de la lámpara. 
En el fondo de la balanza se coloca una placa negra que actúa como trampa 
de luz para absorber los rayos transmitidos. De esta manera, la radiación 
reflejada entra al detector CCD, detector de carga acoplada que envía la 
señal al ordenador donde se registra y procesa adecuadamente.  
 
2.1.4. Espectroscopía Infrarroja de Reflexión y Absorción con 
Modulación de la Polarización (PM-IRRAS) 
La técnica de PM-IRRAS es muy útil para el estudio superficial de 
monocapas porque permite medir la diferencia entre la luz p polarizada 
(perpendicular a la superficie) y s polarizada (paralela a la superficie) de la 
interfase. Esto permite el estudio de la orientación de las moléculas en la 
película delgada mediante la comparación de las intensidades máximas o el 
cálculo de un espectro teórico.7,8 Es decir, la luz p-polarizada se absorbe 
preferentemente durante la reflexión, pero la luz s-polarizada se refleja casi 
en su totalidad, a diferencia de los medios isotrópicos, donde la absorción es 
independiente de la polarización. Por lo tanto, cualquier diferencia en la 
medida de la luz p- y s-polarizada, se puede atribuir a la absorción 
específica en la superficie de la interfase. Las relaciones de los máximos 
relativos de los grupos funcionales se pueden utilizar para determinar la 
inclinación de las moléculas con respecto a la interfase. 
En la técnica de PM-IRRAS, la luz infrarroja se resuelve en las 
componentes s (paralela a la interfase) y p (perpendicular a la interfase), 
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utilizando un modulador fotoelástico (PEM)9–11 a una frecuencia alta. La luz 
p-polarizada que se detecta, contiene información tanto de la subfase como 
de la superficie. Debido al desfase de 180º, la luz polarizada s que se 
detecta, solo aporta información de la subfase. Por tanto, la información de 
la superficie se obtiene a partir de la diferencia de reflectividad, esto es 
 ∆ܴ = ܴ௣ − ܴ௦ (2.4) 
Dividiendo la diferencia de reflectividades entre la suma de las 
reflectividades12–14 
 ܵ ≈ ∆ܴ ܵ⁄ = ൫ܴ௣ − ܴ௦൯ ൫ܴ௣ + ܴ௦൯ൗ  (2.5) 
Siendo ܴ = ܴ௣ + ܴ௦, se obtiene la relación de reflectividades o señal S, 
en la cual se compensa la reflectividad de la subfase. Sólo la absorción 
anisotrópica contribuye a la señal, S, del PM-IRRAS, como es el caso de 
monocapas de lípido y colorante. En la Memoria, se obtienen directamente 
las señales normalizadas, a través de la expresión 
 ∆ܵ = ሺ−ܵ଴ሻ ܵ଴⁄  (2.6) 
donde ܵௗ y ܵ଴ son las señales obtenidas en presencia y en ausencia de 
monocapa. Por este tratamiento matemático, se pueden detectar las 
reflectividades de las diferentes especies moleculares en las interfaces 
sólido−gas,15–17 gas−líquido18 y sólido−líquido.19–22 
Los espectros de PM-IRRAS se obtuvieron usando el equipo comercial 
KSV PMI 550 (KSV NIMA, Espoo, Finland) equipado con un detector 
MCT. En la Figura 6 se muestra un esquema del instrumento.23 
La configuración consiste en una fuente de luz infrarroja, un 
interferómetro de Michelson y una unidad externa que capta la radiación 
reflejada desde la interfase aire−agua. La intensidad de radiación infrarroja 
es modulada por el interferómetro y polarizada por un polarizador de Zn Se. 
Una vez el rayo ha pasado a través del modulador fotoelástico de ZnSe, este 
modula el rayo en su componente paralela al plano de incidencia (p) y en su 
componente perpendicular al plano de incidencia (s) con una frecuencia fija 
de 100 kHz. Se obtienen dos señales: (Rp − Rs) y (Rp − Rs) de la intensidad 
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detectada usando un filtro electrónico y un desmodulador de la señal. Solo 
la absorción anisotrópica contribuye a la señal S ≈ (Rp−Rs)/(Rp+Rs) del PM-
IRRAS.  
Las señales normalizadas fueron obtenidas directamente a través de la 
expresión: ΔS = (Sd −S0)/S0, donde Sd y S0 son las señales registradas en 
presencia y en ausencia de monocapa. Para las experiencias realizadas en 
esta memoria, el ángulo de incidencia del rayo infrarrojo con respecto a la 
normal a la interfase fue de 80º. Los espectros se obtuvieron con una 
resolución espectral de 8 cm-1, usando 3000-6000 scans durante 5-10 min. 
Tanto el microscopio como la balanza están situados sobre una mesa 
antivibratoria Halcyonics MOD-2 S (Göttingen, Alemania), dentro de una 
cámara limpia. 
 
2.1.5. Dinámica Molecular 
2.1.5.1. Mecánica Molecular 
La Mecánica Molecular (MM) constituye un modelo matemático en el 
que los átomos son representados por esferas rígidas de un cierto volumen, 
y los enlaces por muelles que se resisten a ser desplazados de su posición de 
equilibrio. La MM ignora la presencia de los electrones, por lo que no puede 
predecir magnitudes relacionadas con las propiedades electrónicas de las 
moléculas, como es el comportamiento nucleófilo o electrófilo, o los 
 
Figura 6. Esquema del  PMIRRAS. 
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espectros electrónicos, aunque si permite predecir propiedades relacionadas 
con los movimientos nucleares, como son los espectros IR o las superficies 
de energía potencial. Este último hecho permite localizar mínimos de 
energía, y por tanto la conformación más estable de una molécula. La MM 
utiliza implícitamente la aproximación de Born-Oppenheimer, donde los 
núcleos experimentan lo que equivale a una fuerza de atracción estática, 
debido a que los electrones se sitúan entre ellos. Los muelles del modelo, 
vienen a ser los electrones. 
Los principios de la MM, como un método general para el estudio de la 
variación de la energía de sistemas moleculares en función de su geometría, 
se formularon en 1946 por Westheimer y Meyer,24 y por Hill,25 y sus 
aplicaciones en el campo de la cinética química fueron inmediatas, en el 
análisis cuantitativo de reacciones26 o en la evaluación de las energías de 
activación.27 La MM surge, por lo tanto, en una época previa al desarrollo 
de los ordenadores, en un intento por obtener información cuantitativa de 
sistemas complejos, dada la imposibilidad de aplicar métodos de mecánica 
cuántica en dicha época a sistemas con más de tres o cuatro átomos. 
Con la aparición de los primeros ordenadores, la MM fue rápidamente 
desarrollada por los grupos de Schleyer28,29 y Allinger.30,31 El grupo de 
Allinger, ha sido responsable del desarrollo de la serie de programas MM-
x,32,33 de los cuales el MM4 es ampliamente utilizado en la actualidad. La 
MM sigue siendo el método más utilizado para el cálculo de las geometrías 
y energías de equilibrio de grandes moléculas biológicas como las proteínas 
y los ácidos nucleicos, así como en sistemas formados por una gran cantidad 
de moléculas, como membranas, interfases y disoluciones. El avance de la 
potencia de cálculo de los ordenadores está permitiendo que los métodos 
semi-empíricos, o incluso ab initio, puedan ser empleados en sistemas cada 
vez más complejos. 
La hipótesis de partida de la MM consiste en que los enlaces en una 
molécula tienen longitudes y ángulos de equilibrio, a los que las moléculas 
Capítulo II: Experimental  
  69 
se ajustan, y que cualquier desviación de dichos valores de equilibrio 
implica un aumento de la energía del sistema. 
Se considera que los núcleos están sometidos a un campo de fuerzas, 
que se compone de una serie de términos que modelizan las diferentes 
contribuciones a la energía. Esta energía puede dividirse en tres grandes 
grupos, que implican: 
a) Energías de enlace: que incluye términos debido a las energías de 
interacción entre átomos vecinos (enlaces covalentes), átomos separados por 
otro átomo (ángulos de enlace), átomos separados por dos átomos (ángulos 
de torsión y ángulos de torsión impropios), y en determinadas ocasiones 
átomos separados por tres átomos (término de Urey-Bradly). 
b) Términos cruzados: estos términos cuantifican las distorsiones 
originadas en los enlaces y los ángulos de enlace por átomos vecinos. Por 
ejemplo, una disminución en el ángulo de enlace del grupo C-O-H implica 
un aumento de las distancia C-O y O-H. 
c) Términos no enlazantes: que incluye términos debidos a fuerzas de 
van der Walls, interacciones electrostáticas, y puentes de hidrógeno. 
Un campo de fuerzas implica seleccionar los términos que intervienen en 
nuestro sistema y dotarlos de expresiones matemáticas adecuadas. Por 
ejemplo, la energía de enlace suele ser representada por una ecuación 
cuadrática con respecto a la distancia (oscilador armónico), aunque, este 
modelo puede ser mejorado añadiendo un término cúbico, o 
alternativamente puede utilizarse la ecuación de Morse para representar 
dicha energía de enlace. 
Otro aspecto importante de la MM es la parametrización del campo de 
fuerzas. Las constantes que intervienen en el campo de fuerzas son 
obtenidas a partir de datos experimentales o mediante cálculos ab initio. La 
base de datos de compuestos utilizados para parametrizar el método de MM 
es crucial para su éxito. Así, si la parametrización se realiza con moléculas 
específicas, como proteínas o nucleótidos, es de esperar que tal campo de 
fuerza solo pueda ser aplicado a dicho tipo de moléculas. Esto sucede con el 
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campo de fuerzas AMBER, específicamente diseñado para el estudio de 
proteínas y ácidos nucleicos. Otros campos de fuerza son parametrizados 
para dar una descripción razonable de una amplia variedad de compuestos 
orgánicos (MM+). 
Los valores absolutos de energía obtenidos en cualquier método de MM, 
difieren bastante de los experimentales, careciendo de sentido físico. Sin 
embargo, las diferencias de energía si pueden ser utilizadas de forma 
cuantitativa, por ejemplo, para predecir entalpías de formación. 
Como se ha indicado anteriormente, entre las principales aplicaciones de 
la MM están el estudio de biomoléculas y sistemas complejos. Así, la 
industria farmacéutica diseña nuevos medicamentos con la ayuda de la MM: 
por ejemplo, examinando cómo varios candidatos a fármacos se acoplan a 
los sitios activos de la biomoléculas (docking), lo que permite establecer 
relaciones cuantitativas estructura-actividad (QSAR). 
La MM es también de gran utilidad en el cálculo de geometrías y 
energías de los estados de transición, aunque se debe ser cauteloso en estos 
casos, dada la posibilidad de que nuestro sistema se sitúe en un mínimo 
relativo de energía.  En estos casos, la MM puede ser aplicada en 
conjunción a la dinámica molecular (DM), con objeto de localizar el 
mínimo global de energía. 
Por último, la MM es ampliamente utilizada para crear geometrías 
razonables de casi cualquier sistema molecular. La mayor parte del software 
comercial de modelado molecular la utiliza de forma implícita o explícita. 
Estas geometrías son utilizadas como punto de partida para cálculos más 
complejos de mecánica cuántica. 
 
2.1.5.2. Métodos semi-empíricos 
Los métodos semi-empíricos (MSE) de la química cuántica son métodos 
matemáticos basados en el formalismo de Hartree-Fock (HF), si bien se 
aplican algunas aproximaciones, de forma que ciertas integrales que 
aparecen durante el tratamiento teórico, se hacen en función de algunos 
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parámetros que se obtienen a partir de datos experimentales. Los MSE 
tienen aplicación en química computacional en el tratamiento de grandes 
moléculas, para las que la aplicación de métodos ab initio requeriría de 
tiempos de cálculos excesivos. Para moléculas orgánicas, los MSE se han 
mostrado más efectivos que los métodos ab initio que utilizan bases 
pequeñas sin correlación electrónica. Este hecho ha sido interpretado como 
debido a que en cierta medida los MSE introducen cierto tipo de correlación 
electrónica. 
En líneas generales, los MSE se basan en eliminar, o sustituir por valores 
preestablecidos, algunas de las integrales di-electrónicas que aparecen a lo 
largo del procedimiento de HF (integrales de solapamiento diferencial). Con 
objeto de corregir esta simplificación, las integrales que no se anulan son 
parametrizadas, es decir son ajustadas a un conjunto de parámetros, de 
forma que los resultados finales (energía, geometría, espectros, etc.), 
reproduzcan, de la mejor forma posible, ciertos datos experimentales, o 
valores teóricos (ab initio). 
El primero de los MSEs propuesto fue el método de Hückel en 1931,34 
válido solo para electrones π conjugados, el cual fue extendido a todos los 
electrones de valencia por Hoffmann35 en 1963. 
En los años 70, Pople desarrolló un primer conjunto de métodos que se 
denominaron, CNDO, INDO y NDDO,36–38 los cuales fueron 
implementando sucesivas mejoras a medida que eran testados con 
moléculas cada vez más complejas. 
Una segunda generación de métodos, en los que se anulan menos 
integrales que en los anteriores métodos, fue desarrollada por Dewar.39 El 
procedimiento aplicado por èste ha dado lugar a una gran cantidad de MSE, 
como MNDO,40 AM1,41 PM3,42 RM1,43 PM6,44 los cuales se siguen 
desarrollando en la actualidad. En estos el objetivo es encontrar parámetros 
que predigan correctamente; calores de formación, momentos dipolares, 
potenciales de ionización y geometrías de moléculas orgánicas. 
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Existen otros métodos cuyo objetivo es predecir correctamente la 
geometría de compuestos de coordinación, como ZINDO/1 o Sparkle/RM1, 
que incluye a lantánidos. 
En otros métodos el objetivo es calcular estados excitados y de aquí 
predecir espectros electrónicos como ZINDO/S, o SINDO,45,46 los cuales 
permiten la configuración de interacciones. También se han propuesto 
métodos que pueden ser aplicados a sólidos47 y nanoestructuras.48 
Los MSE son mucho más rápidos que los ab initio, si bien sus resultados 
pueden ser erróneos si se utilizan para moléculas muy diferentes a las 
utilizadas para su parametrización. Los MSE son muy efectivos en 
moléculas orgánicas de tamaño medio, donde intervienen solo unos pocos 
de átomos diferentes a carbono e hidrógeno. En estos casos los resultados 
son equiparables a los obtenidos con métodos ab initio con grandes bases y 
utilizando correlación electrónica. 
 
2.1.5.3. Dinámica Molecular. 
La dinámica molecular (DM) es una técnica de simulación del 
comportamiento de los sistemas moleculares en función del tiempo.49,50 El 
procedimiento requiere una forma de calcular la energía del sistema, para lo 
que puede utilizarse MM, MSE o métodos ab initio, si bien lo más habitual, 
dado el tiempo de cálculo necesario, es usar MM. En líneas generales, los 
pasos que se siguen en la simulación son: 
1. Calcular la energía en el instante inicial, es decir para una geometría 
conocida del sistema. Esto permite determinar las diferentes fuerzas que 
actúan sobre cada átomo. 
2. Seleccionar un conjunto inicial de velocidades atómicas. La velocidad 
media es determinada en función de la temperatura del sistema, aplicándose 
una distribución de Boltzmann, y normalizando el resultado de modo que el 
momento neto para todo el sistema sea cero. De esta forma se determina el 
momento lineal sobre cada átomo. 
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3. A continuación, conocidas las fuerzas que actúan sobre cada átomo, y 
su momento lineal, se determina la posición de los átomos tras un breve 
periodo de tiempo, t, mediante integración numérica de las ecuaciones de 
Newton del movimiento. Diferentes algoritmos de cálculo pueden ser 
aplicados para ello. 
4. Conocidas las nuevas posiciones de los átomos, se recalculan las 
fuerzas que actúan sobre ellos y sus momentos lineales, lo que nos permite 
determinar las posiciones de los átomos a un nuevo tiempo 2t. 
5. El procedimiento se repite las veces deseadas, lo que nos permite 
determinar la trayectoria de cada átomo en función del tiempo. Del análisis 
de las trayectorias puede obtenerse información sobre el sistema. 
Un aspecto importante en una simulación mediante DM es el valor de t 
seleccionado. Si t es demasiado grande el control es cinético, no 
termodinámico. Para sistemas moleculares se acepta que t debe ser un 
orden de magnitud inferior a la inversa de la frecuencia de colisiones entre 
átomos y moléculas, lo que se traduce en tiempos del orden de décimas de 
femtosegundo. 
En general, los cálculos de DM pueden realizarse con dos objetivos: 
A) Determinación de propiedades macroscópicas del sistema: El 
conocimiento de las trayectorias de las partículas permite predecir 
propiedades macroscópicas como; coeficientes de difusión, funciones de 
distribución, etc. Este suele ser el propósito de investigaciones centradas en 
el estudio de fluidos (gases reales y líquidos). 
B) Salir de mínimos locales de energía: Con frecuencia los 
procedimientos de optimización de la energía en sistemas moleculares 
complejos conducen a mínimos relativos de energía, y no al mínimo global 
(situación termodinámicamente más estable). En estos casos, la aplicación 
de la DM permite adicionar una cierta cantidad de energía al sistema, 
energía térmica, lo que posibilita que el sistema atraviese barreras de 
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energía potencial, y permite localizar otros mínimos locales, o el mínimo 
global de energía. 
Nuestro interés en la DM se basa en este último objetivo. 
 
2.1.6. Monocapas de Langmuir-Blodgett y Langmuir-Schaefer  
2.1.6.1. Películas de Langmuir-Blodgett 
El método LB consiste, básicamente, en colocar un soporte sólido 
perpendicular a la interfase aire−agua cubierta por la monocapa que se va a 
transferir y, mediante inmersión y/o emersión de dicho soporte, las 
moléculas se van depositando sobre el sustrato sólido que suele ser cuarzo o 
vidrio, tal como se muestra en la Figura 7. Durante la transferencia se hace 
avanzar la barrera móvil para compensar la pérdida de moléculas y un 
mecanismo feed-back mantiene constante la presión superficial.  
Actualmente, aún se desconocen con exactitud todos los mecanismos por 
los que las monocapas en la interfase aire−agua se transfieren a los 
substratos sólidos.51 Se ha descrito que las interacciones moleculares 
 
Figura 7. Esquema de la transferencia de monocapas de un fosfolípido desde la interfase aire−agua a un soporte sólido mediante el método de Langmuir−Blodgett (LB).  
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implicadas en la deposición de la primera capa pueden ser bastante 
diferentes de las responsables de la transferencia de las siguientes. Por otra 
parte, para algunos materiales, la deposición de la película parece estar 
asociada con un cambio de fase. Sin embargo, no siempre pueden explicarse 
fenómenos como los diferentes modos de transferencia y la adecuada 
velocidad a la que los materiales pueden depositarse. De hecho, la 
comprensión de los fenómenos fisicoquímicos que gobiernan la 
transferencia LB son, todavía, objeto de investigación.52,53 
La fabricación de películas LB, de alta calidad, requiere de un alto grado 
de destreza, así como de un control cuidadoso de todas las variables 
experimentales, como son: estabilidad y homogeneidad de las moléculas 
que forman la monocapa, propiedades de la subfase (composición, fuerza 
iónica, pH y temperatura), naturaleza del substrato (estructura y carácter 
hidrofóbico o hidrofílico), velocidad de inmersión y emersión del soporte, 
ángulo de penetración del sustrato en la subfase, presión de compresión 
durante el proceso de deposición, o  número de monocapas transferidas. 
En la parte izquierda de la Figura 8 se muestra la deposición de una 
monocapa sobre un soporte sólido empleando la técnica LB. En este caso, se 
supone un sustrato hidrofílico, de forma que la primera monocapa se 
transfiere cuando el sustrato emerge de la subfase, lo que conlleva que dicho 
sustrato ha de colocarse dentro de la misma antes de esparcir la monocapa. 
En este modo de deposición denominado tipo Y,51,54 el ordenamiento de la 
película es centro simétrico, estableciéndose una configuración cabeza-
cabeza y cola-cola en sucesivas transferencias (Figura 8, izquierda).  
 Figura 8. Esquema de la transferencia de una pélícula mixta desde la interfase aire−agua a un soporte sólido según el método de Langmuir−Schaefer (LS).  
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Sin embargo, en la bibliografía51,54 se encuentran películas cuya 
deposición es de tipo X, en las que la monocapa se transfiere sólo durante la 
inmersión del sustrato, y películas tipo Z, en las que la deposición de la 
monocapa sólo tiene lugar al emerger el sustrato de la subfase. En ambos 
casos se obtienen películas centro-asimétricas (Figura 8 centro y derecha, 
respectivamente). 
Hay que indicar que el ordenamiento molecular final en una capa LB no 
siempre es tan perfecto como aparece representado en las Figuras 7 y 8, ya 
que en muchos casos se produce una reorganización de las moléculas en la 
película depositada durante el proceso de deposición.  
Con el fin de cuantificar el grado de transferencia desde la interfase 
aire−agua a la interfase aire−sólido, se usa la denominada relación de 
transferencia τ, dada por 
 ߬ = ஺ಽ஺ೄ (2.7) 
donde AL es la disminución del área ocupada por la monocapa sola en la 
interfase aire‒agua, a presión constante, y AS el área cubierta del substrato 
sólido. Así, valores de τ próximos a la unidad indican una transferencia 
prácticamente completa de la monocapa desde la interfase aire‒agua al 
soporte sólido. 
Una vez formada la película LB, para controlar su arquitectura y 
organización, es necesario conocer los distintos factores que afectan a la 
estructura supramolecular de la misma. Con este fin se pueden utilizar 
diversas técnicas de caracterización, muchas de las cuales han sido referidas 
previamente para el estudio de monocapas en la interfase aire‒agua. Así, se 
encuentran técnicas espectroscópicas tales como: espectroscopía de 
absorción UV-vis, espectroscopía IR con transformada de Fourier, 
difracción de rayos X (XRD) o espectroscopía Foto-Electrónica de Rayos X 
(XPS) y microscopías, como la de ángulo de Brewster (BAM).5,51,55–57 Estas 
técnicas constituyen un grupo de herramientas muy importante dentro de 
este campo, puesto que mediante ellas no sólo se obtiene información sobre 
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la densidad de las moléculas soportadas, sino también acerca de la 
estructura (orden), morfología (topología) y composición, permitiendo 
determinar el tamaño, orientación e interacción entre los dominios 
formados, si los hubiese, así como datos sobre los defectos de la película. 
Toda esta información ayuda a construir los modelos de organización 
molecular en la película.  
Por todo esto, el método LB es considerado normalmente como una 
herramienta poderosa para la preparación de películas delgadas organizadas 
de compuestos anfifílicos de bajo peso molecular tales como surfactantes o 
lípidos. Además, este método es también útil para la organización de varios 
materiales que pueden formar estructuras monolaminares en la superficie 
acuosa. De hecho, este método ha sido utilizado para fabricar monocapas de 
polímeros porque se espera una estabilidad mecánica y térmica superior a la 
obtenida en las monocapas de Langmuir formadas en la interfase aire−agua, 
principalmente en el contexto de la investigación orientada a una posible 
aplicación.  
 
2.1.6.2. Película de Langmuir-Schaefer 
Además del método de Langmuir-Blodgett, en la bibliografía se 
encuentran descritos otros métodos de transferencia,58 como la técnica de 
deposición horizontal o “touching” introducida por Langmuir y Schaefer.59 
En esta técnica, el substrato sólido se pone en contacto con la superficie de 
la monocapa, es decir, paralelo a la interfase aire−agua, de forma que, con el 
levantamiento del soporte de la superficie, la monocapa se transfiere con la 
parte apolar sobre el soporte quedando, en el caso de transferirse una única 
monocapa, la parte polar en contacto con el aire (ver Figura 9). 
De manera similar al método LB, se puede obtener la relación de 
transferencia mediante la ecuación 2.7, e igualmente las películas LS 
resultantes pueden ser caracterizadas mediante las técnicas indicadas en el 
apartado anterior.  
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Las condiciones empleadas en esta Memoria para hacer las 
transferencias de las monocapas a un soporte sólido mediante las técnicas 
LB y LS, anteriormente descritas, se detallan en la sección experimental del 
capítulo correspondiente. 
 
2.1.7. Espectroscopía Foto-Electrónica de Rayos X (XPS) y Difracción 
de Rayos X (XRD) 
2.1.7.1. Espectroscopía Foto-Electrónica de Rayos X (XPS) 
La espectroscopía de fotoelectrones de rayos X fue desarrollada por Kai 
Siegbahn a partir de 1957 y se utiliza para estudiar los niveles de energía de 
los electrones atómicos básicos, principalmente en sólidos.  
XPS permite cuantificar la composición elemental de la superficie del 
material basándose para ello en la absorción de rayos X por parte de los 
átomos de la muestra que producen el tránsito de los electrones de valencia 
y del núcleo (fotoelectrones). Esos fotoelectrones tienen energías que son 
únicas para cada elemento y sensibles al estado químico del mismo que 
permiten identificarlos. Por esto, XPS ha sido ampliamente utilizada para 
caracterizar la superficie química de diversos materiales así como para 
caracterizar la estructura química y elemental de la superficie haciéndola 
particularmente útil para la identificación de grupos funcionales presentes 
en la misma.60  
 Figura 9. Esquema de la transferencia de una película desde la interfase aire−agua a un soporte sólido mediante la técnica de Langmuir−Schaefer (LS).  
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Además, la capacidad de esta técnica para facilitar información útil para 
la detección multielemental, cuantificación y estudio de las capacidades del 
perfil de profundidad y de la energía de enlace la convierten en un método 
indispensable para el estudio de un amplio rango de materiales comúnmente 
usados en aplicaciones de bioingeniería (por ejemplo vidrio y 
poliestireno),61 nuevos sistemas poliméricos,62,63 así como modificaciones 
superficiales de películas delgadas.64–68 
En la Figura 10 se muestra una imagen del equipo utilizado en esta 
memoria (Modelo Specs Phoibos 150 MCD-9, instalado en el Servicio 
Central de Apoyo a la Investigación, SCAI, Unversidad de Córdoba). Se 
trata de un espectrofotómetro fotoelectrónico equipado con una fuente de 
rayos X de radiación k-alfa de aluminio de una energía de 1486.61 eV y 350 
W, a un ángulo de incidendia de 90º respecto al eje del analizador 
hemisférico de energía. El espectrofotómetro opera a alta resolución con un 
paso de energía de 23.5 eV, los fotoelectrones son arrancados desde la 
superficie a un ángulo de 45º, y analizados de un espacio de 1.1 mm. La 
presión base en la cámara durante la medida es de 1109 Torr. Tras el 
registro de los datos, las energía de enlace se refirieron estableciendo la 
energía de enlace del C 1S a 284.8 eV. Todos los picos se fijaron respecto al 
 Figura 10. Imagen del XPS. 
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desdoblamiento spin-órbita. Para determinar la intensidad de los picos se 
utilizó un software estándar de ajuste (Multipak V 5.0 A; Physical 
Electronics, Inc.) usando  Shirley como background para la subtracción y 
perfiles de Gaussianas e Lorentzianas.  
 
2.1.7.2. Difracción de Rayos X (XRD) 
Los rayos X es un tipo de radiación electromagnética de longitud de 
onda corta producida por el frenado de electrones de elevada energía o por 
transiciones electrónicas de electrones que se encuentran en los orbitales 
internos de los átomos. El intervalo de longitudes de onda de los rayos X 
comprende desde, aproximadamente, 10-5 Å hasta 100 Å. Sin embargo, la 
espectroscopía de rayos X convencional se limita, en su mayor parte, a la 
región de aproximadamente 0.1 Å a 25 Å (1 Å = 0.1nm = 10-10m).69 
Los rayos X se pueden obtener de cuatro maneras: por bombardeo de un 
blanco metálico con un haz de electrones de elevada energía, por exposición 
de una sustancia a un haz primario de rayos X con el objetivo de generar un 
haz secundario de fluorescencia de rayos X, utilizando una fuente radiactiva 
cuyo proceso de desintegración da lugar a una emisión de rayos X, y a partir 
de una fuente de radiación sincrotrón. 
Al hacer incidir un haz de rayos X sobre la muestra a analizar éstos son 
difractados por los electrones que rodean los átomos por ser su longitud de 
onda del mismo orden de magnitud que el radio atómico. El haz de rayos X 
emergente tras esta interacción contiene información sobre la posición y 
tipo de átomos encontrados en su camino. Los cristales, debido a su 
estructura periódica, dispersan elásticamente los haces de rayos X en ciertas 
direcciones y los amplifican por interferencia constructiva, originando un 
patrón de difracción. 
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En la Figura 11 se muestra una foto del equipo utilizado en esta Memoria 
(modelo Bruker D8 DISCOVER VARIO  instalado en el Instituto 
Universitario de Investigación en Química Fina y Nanoquímica). Se trata de 
un Difractómetro de Rayos X equipado con una fuente de Cu y un 
goniómetro Bragg Brentano θ/θ de alta precisión. 
 
2.2. Materiales, reactivos y tratamiento de datos 
Salvo la N,N´-dioctadeciltiapentacarbocianina (OTCC) sintetizada por J. 
Sondermann70 en el Max-Planck-Institute fur Biophysikalische Chemie, el 
resto de materiales y reactivos usados en las experiencias de la presente 
Memoria fueron adquiridos en las diferentes casas comerciales que se citan 
en cada Capítulo. En todas las experiencias el agua utilizada es ultrapura, 
producida en una unidad Millopore Milli-Q tras un pretratamiento en un 
sistema Millopore de ósmosis inversa (18MΩ·cm-1). 
 
Figura 11. Imagen del equipo de Difracción de Rayos X 
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Los datos adquiridos de forma digital se han tratado con los programas 
SigmaPlot71 y MathCad72 que a su vez se han utilizado en la realización de 
las figuras que se presentan en esta Memoria, y en el caso de MathCad, 
también en algunas de las simulaciones matemáticas. Asimismo, se ha 
procedido al tratamiento de imágenes con el paquete Corel,73 que incluye 
entre otros Corel Photo Paint o CorelDraw,73 y el programa Power Point de 
Office, empleándose además este último en la preparación de los esquemas 
gráficos que aparecen en los distintos capítulos y a la representación de 
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A mixed film of 10,12-Pentacosadiynoic acid (DA) and an amphiphilic 
cationic hemicyanine (SP) in ratio 1:1 has been fabricated. This mixture has 
been proved to be completely homogeneous due to the good compatibility 
between both molecules, i.e., hydrophobic regions sized and polar regions 
of opposite charge. This adequate balance between the vertical sections of 
the hydrophobic and hydrophilic groups allows the formation of an ion pair 
between them. In this mixed film, DA molecules organize in monolayer 
instead of trilayer as occurs for pure DA film. Surface pressure 
measurements (isotherms and compression−expansion cycles), Brewster 
angle microscopy, Reflection spectroscopy and PM-IRRAS prove this 
structure. Using BAM to reveal the structure of this mixed film, circular 
domains with internal anisotropy because the ordered alignment of 
hemicyanine groups (strong self-aggregation) are observed. Under UV 
irradiation a new polyacetylene (PDA) form was fabricated in a 
homogeneous mixed monolayer despite of the distance measured between 
the DA molecules by the presence of SP dye. The polymerization takes 
place only in the circular domains. Under expansion the domains forming 
during compression and after UV irradiation form a nanocomposite stable 




Capítulo III: Elastic nanocomposite structures formed by Polydiacetilen-
Hemicyanine mixed films at the air-water interface 
 
 92 
Paper published in The Journal of Physical Chemistry C 117 (2013) 21838-21848 
3.1. Introduction 
Polydiacetylenes (PDA) have attracted great attention for application in 
the sensor field due to their unique colorimetric/ﬂuorescence dual detection 
capability.1–5 In general, diacetylene amphiphilic monomers (DA) are 
dispersed by sonication in aqueous solution, forming self-assembled 
liposomes. Alternatively, DA can also be spread at the air−water interface to 
form Langmuir monolayers and transferred onto a solid substrate via the 
Langmuir−Blodgett (LB) or Langmuir−Schaefer (LS) ﬁlm transfer methods 
to build well-deﬁned self-assembled monolayers6–10 or multilayers.8,11,12 
These well-ordered monomers are then subsequently photopolymerized by 
UV irradiation. The polymeric backbone formed is composed of alternating 
double and triple bonds, and the extent of conjugation depends on its 
conformation.13 A conjugated polymer absorbing light at approximately 650 
nm gives a blue appearance. However, if the effective conjugation length is 
reduced by the strain and torsion imposed onto the backbone, the absorption 
maximum is shifted to about 550 nm and a bright red color is obtained. 
The backbone distortion can be induced by order−disorder transitions in 
the side chains through exposure to heat,14–16 organic solvents,17,18 pH and 
salt changes,19,20 mechanical stress,7,21–23 or, in the case of biosensors, by the 
specific interaction between a surface bound ligand and its complementary 
target.24–27 In such cases, the colorimetric shift of polydiacetylene lipid 
systems from blue to red is usually irreversible, and it is a result of a 
transition from a thermodynamically metastable blue form to a lower energy 
red form. To achieve reversible color change, metal ions interactions,28,29 
nanoparticles interaction,30,31 or synthesized diacetylene with different 
headgroup,32–36 have been reported. On this basis, PDA has been used as 
colorimetric sensor; as an example, PDA liposomes are typically modified 
with a probe, which is complementary of the target, in a way where the 
target presence is determined by the color change.37–39 
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Also, the UV light irradiation of the annealed LB films of cadmium 
diacetylene permits to obtain polydiacetylenes absorbing at 704 nm. This 
chromatic phase has been designated the bluish-green form.14,40,41 
Diacetylene polymerization occurs only when the material is in a highly 
ordered state and is very sensitive to the surrounding environment.42 It 
requires an optimal packing of the diacetylenic units to allow propagation of 
the linear chain polymerization through the ordered phase.43 Langmuir 
monolayer of amphiphilic pentacosadiynoic acid at the air−water interface 
under surface pressure of 25 mN/m forms a polymeric blue phase with 
relatively “expanded” structures where molecules occupy approximately 
0.24 nm2, while for the red phase the area per molecules is approximately 
0.19 nm2.44 
A point of great interest is the study of mixtures of diacetylene 
amphiphilic monomers and not polymerizable lipids.45 Under appropriate 
experimental conditions stable homogeneous systems prior to 
polymerization can be obtained.46–51 However, the polymerization may lead 
to phase separation and destabilization of the monolayer or bilayer.52–54  
In this work, the mixed monolayers formed by 10,12-pentacosadiynoic 
acid (DA) and an amphiphilic cationic hemicyanine (SP) (their structures 
are shown in Scheme 1) in a 1:1 molar ratio (DA:SP = 1:1 monolayers) are 
studied. Our objective is to analyze whether the DA polymerization is 
possible in the mixed films and, in the case the polymerization takes place, 
checking the components´ segregation. SP is a dye with good fluorescent 
properties, while the PDA is widely used as a colorimetric sensor. The 
initial target to mix the two components was to test whether the dye could 
modify the colorimetric properties of the PDA. 
For the foregoing reasons and in order to design well-defined structure, 
where diacetylene polymerization could take place, the lateral organization 
must be controlled. This control can be achieved by connecting the polar 
groups, either through hydrogen bonding55 via electrostatic interactions or 
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through the self-aggregation of dyes.56 Recently, we have used the latter 
strategy to study mixed films containing dimyristoylphosphatidic acid 
(DMPA) and an amphiphilic hemicyanine dye (SP) in 1:1 molar ratio,57 and 
mixed monolayers of SP and stearic acid (SA) in a 1:1 molar ratio.58 For 
these mixed systems, it has been found that SP form completely 
homogeneous monolayers when mixed in a 1:1 ratio with DMPA57 or SA.58 
In the DA:SP = 1:1 monolayers, it is expected that the anionic DA can 
bind the SP molecule by electrostatic interactions. Additionally, the length 
of the completely extended SP alkyl chains and the DA length are 
approximately the same. This dual affinity allows good compatibility 
between the two molecules resulting in a complete miscibility through both 
hydrophilic (ion pair) and hydrophobic interactions. Furthermore, it is 
expected that the small carboxylic acid headgroup of the DA molecule does 
 
Scheme 1. Molecular structures of SP and DA. Red arrow indicates the transition dipole moment direction, and  represents the tilt angle of hemicyanine group.  
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not avoid the hemicyanine aggregation by the dye molecular tilt. 
Consequently, the hemicyanine group would have freedom of movement, 
bending properly to allow its aggregation.  
In the resulting mixed monolayer, DA and SP molecules are intercalated 
so that SP alkyl chains act spacing diacetylene units, which in principle 
could prevent photopolymerization of DA. However, it was found that the 
polymerization takes place without segregation of components. The 
polymer formed by this method has different properties from those of PDA 
previously described, i.e., a new PDA form absorbing at 520 nm is obtained. 
The new form shows a hypochromic shift of 30 nm with respect to the red 
polymer (550 nm), not fluorescent in this case. Furthermore, under 
decompression the polymerized mixed monolayer shows domains in which 
the polymer is expanded, suggesting a certain elasticity degree. 
 
3.2. Experimental section 
Materials. 10,12-Pentacosadiynoic acid (DA) was purchased from ABCR 
(Germany) and purified according to the method described elsewhere,46,59 
that is, the diacetylene monomer was dissolved in chloroform and filtered 
through a 0.45 m nylon filter. Purified powder was obtained by 
evaporation of the solvent. 
Hemicyanine dye, 4-[4-Dimethylamino)styryl]-1-docosylpyridinium 
bromide (SP) were purchased from Sigma-Aldrich and used as received. 
Their molecular structures are depicted in Scheme 1. 
The initial solutions for each component were prepared as well in 
chloroform. A mixture of thrichloromethane and methanol, ratio 3:1 (v/v) 
was used as cospreading solvent. The pure solvents were obtained without 
purification from Aldrich (Germany). Ultrapure water, produced by a 
Millipore Milli-Q unit, pretreated by a Millipore reverse osmosis system (> 
18.2 M cm), was used as a subphase. The subphase temperature was 21 ºC 
with pH 5.7. 
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The substrates used for LB transfer were cleaned as follows: successive 
steps with an alkaline detergent, isopropanol, and ethanol and then rinsed 
with ultrapure water. 
Isotherms of Langmuir films, Reflection Spectroscopy and BAM 
imaging. Two different models of Nima troughs (Nima Technology, 
Coventry, England) were used in this work, both provided with a Wilhelmy 
type dynamometric system using a strip of filter paper: a NIMA 611D with 
one moving barrier for the measurement of the reflection spectra, and a 
NIMA 601 equipped with two symmetrical barriers to record BAM images. 
The monolayers were compressed at a speed of 0.03 nm2 min-1 molecule-1. 
For the UV irradiation a UV lamp ( = 254 nm, W = 10 W) was 
mounted on top the trough keeping a distance of ca. 5 cm from the cospread 
mixed film prepared at the air−water interface. 
UV–visible reflection spectra at normal incidence as the difference in 
reflectivity (∆R) of the dye film-covered water surface and the bare 
surface60 were obtained with a Nanofilm Surface Analysis Spectrometer (ref 
SPEC2, supplied by Accurion GmbH, Göttingen, Germany). The reflection 
spectra were normalized to the same surface density of hemicyanine by 
multiplying ∆R by the surface area, i.e., ∆Rnorm = ∆R·A, where A 
(nm2/molecule) is taken from the surface pressure−area (π-A) isotherms. 
Images of the film morphology were obtained by Brewster angle 
microscopy (BAM) with a I-Elli2000 (Accurion GmbH) using a Nd:YAG 
diode laser with wavelength 532 nm and 5 0mW, which can be recorded 
with a lateral resolution of 2 μm. The image processing procedure included 
a geometrical correction of the image as well as a filtering operation to 
reduce interference fringes and noise. The microscope and the film balance 
were located on a table with vibration isolation (antivibration system MOD-
2S, Accurion, Göttingen, Germany) in a large class 100 clean room. 
PM-IRRAS spectra were recorded using a KSV PMI 550 (KSV NIMA, 
Espoo, Finland) equipped with a MCT detector. A detailed description of 
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the PM-IRRAS setup and the experimental procedure has already been 
given elsewhere.61 The angle of incidence of the infrared beam with respect 
to the surface normal was 75º. PM-IRRAS spectra were recorded with a 
spectral resolution of 8 cm-1 and collected using 3000-6000 scans for 5-15 
min. 
Langmuir−Blodgett films. The monolayers were transferred onto quartz 
substrates. The mixed monolayers were transferred by the 
Langmuir−Blodgett, i.e., by vertical dipping at constant surface pressure 
with the lifting speed of 5 mm·min-1. The multilayers were assembled by 
sequential monolayer transfer. The transfer ratio was close to unity for all 
transfer processes. UV−vis electronic absorption spectra of the films were 
measured locating the substrate directly in the light path on a Cary 100 Bio 
UV−vis spectrophotometer. The steady state fluorescence and excitation 
spectra were measured using a FS920 Steady State Fluorimeter (Edinburgh 
Instrument, Livinsgton, UK). 
 
3.3. Results and discussion  
Surface pressurearea isotherms. Mixed monolayers of DA:SP = 1:1 
have been prepared at the air-water interface by cospreading mehod.62,63 
Figure 1 (red line) shows the surface pressurearea (πA) isotherm of mixed 
DA:SP monolayer. The takeoff of the isotherm occurs at 1.0 nm2/molecule, 
and the isotherm shows a phase transition at ~9.5 mN/m and ~0.75 
nm2/molecule. For comparison, Figure 1 also shows the pure DA (black 
line) and SP (blue line) isotherms. Isotherms of pure components are 
coincident with those published previously.12,64–66  
DA monolayer on pure water subphase collapses when the area 
decreases below 0.25 nm2/molecule, forming a trilayer (for example in 
Figure 1, black line,   40 mN/m, A = 0.1 nm2/molecule), as previously 
described.12,66 However, for the mixed monolayer at π = 40 mN/m, the area 
per molecule is 0.25 nm2, intermediate value between the area occupied 
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per SP molecule (0.33 nm2),67 and that of the alkyl chain with completely 
vertical orientation (0.20 nm2). This behavior indicates that the trilayer is 
not formed in the mixed monolayer, at least below π = 40 mN/m. 
Successive compressionexpansion cycles were recorded to study the 
homogeneity of mixed film. In Figure 1, first and second compression 
cycles, 1c (red line) and 2c (gray line), respectively. The area hysteresis 
between both cycles is always less than 5%. 
The effect of UV radiation on the mixed monolayer is also shown in 
Figure 1, inset. The procedure was the following: the mixed monolayer was 
compressed up to 20 mN/m, and under constant surface pressure the film 
was irradiated for 8 minutes. Throughout that time the surface area per 
molecule decreases from 0.35 to 0.33 nm2. After the irradiation the 
 
Figure 1. Surface pressure-area (-A) isotherms of DA (black line), SP (blue line), and first (red line) and second (grey line) compression processes of a mixed DA:SP = 1:1 monolayer. Inset: Effect of UV radiation on the mixed film.  
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monolayer was expanded, and finally a second compressiondecompression 
cycle (gray line) was done. The UV irradiation process shrinks the 
monolayer at low surface pressures (below 12 mN/m) and expands it at high 
surface pressure (above 12mN/m). 
In a previous work, we have demonstrated that SP, a cationic 
amphiphilic molecule (see Scheme 1) forms homogeneous mixed 
monolayers with anionic amphiphilic molecules such as DMPA57 and SA58 
in a 1:1 molar ratio. Those mixed films showed of great stability as a result 
of charge compensation and the compatibility of the alkyl chains of the two 
components, which favors the complete miscibility of the mixture. The 
results shown below confirm the complete miscibility of the mixed DA:SP 
= 1:1 monolayers. Therefore, in this work we have studied exclusively the 
equimolar DA:SP mixture. 
Brewster Angle Microscopy (BAM). Simultaneously to the isotherm 
recording, the morphology of the mixed monolayer at the airwater 
interface is directly observed by BAM. For π < 9 mN/m, below the phase 
transition, the mixed monolayer appears to be homogeneous (images not 
shown), indicating the complete miscibility of the components. For π ≈ 9 
mN/m small circular domains emerge (Figure 2a, π = 10 mN/m). These 
circular domains are related to the phase transition observed in the isotherm 
(see Figure 1), having inner textures with different brightness, i.e., the circle 
regions located above and below are darker than their surrounding area, 
while the lateral regions of the circle are brighter. 
The shape and texture of these domains (Figure 2a) are similar to that 
observed in referenced above mixed monolayers containing SP and anionic 
amphiphilic as DMPA57 or SA58 in ratio 1:1. For those mentioned systems 
the domain shape is determined both by the strong tendency to self-
aggregation hemicyanine polar group and the available area under the alkyl 
chains for this self-aggregation. Moreover, the texture of the domain does 
not depend on the packing of alkyl chains but on the rearrangement of the 
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hemicyanine group, because this group absorbs at the laser wavelength used 
in BAM.68 Domains anisotropy results from the molecular alignment of the 
group hemicyanine due to the strong tendency to self-aggregation of this 
group.  
The BAM images of the mixed monolayer does not show the typical 
dendritic structure observed for pure DA monolayers.66,69,70 The absence of 
these structures is an additional evidence of the complete miscibility of that 
SP and DA in a 1:1 ratio and forming an ion pair. 
Under increasing of the surface pressure (Figure 2b, π = 20 mN/m), the 
domains grow and the texture inside the domain is similar to that observed 
at lower surface pressure. However, the periphery of the domain has a gray 
hedge, indicating that in this region there is not anisotropy, and therefore 
there is no a good molecular alignment of the hemicyanine group. That the 
domains have different texture inside and in its periphery does not mean that 
the composition is different in these regions. In our case, what we can 
 
Figure 2. BAM images of the mixed DA:SP = 1:1 monolayer before the polymerization: (a)  = 10 mN/m and (b)  = 20 mN/m; after 8 minutes of polymerization (c)  = 20 mN/m and (d)  = 0.8 mN/m (expansion cycle); after 3 minutes of polymerization, (e)  = 20 mN/m and (f)  = 0.8 mN/m (expansion cycle). (g) Plot of the  vs . The domain average area vas obtained by compressing the monolayer once reached conditions as in (d). 
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visualize in BAM is the alignment of the hemicyanine groups.68 Therefore, 
the gray region only can be interpreted as a loss of the existing order respect 
to the domain core. At high surface pressure (π = 40 mN/m), the surface is 
completely covered by domains (images not shown), the area per molecule 
being 0.25 nm2. This area value is related to the area occupied per 
molecule inside the domain as discussed below. 
Figure 2c shows a BAM image at π = 20 mN/m, after the UV irradiation 
for 8 minutes. The shape of the domains does not change after irradiation, 
although the domains obtained are brighter, so that the internal texture 
disappears. As demonstrated below, during irradiation process the polymer 
is formed, and the polymer has its maximum absorption at 520 nm, very 
close to the laser wavelength used in BAM (532 nm). The absorption of 
radiation causes a sharp increase in the reflection, which is detected by 
BAM. Another significant fact is that during the irradiation process the 
monolayer area is almost not change (decreases slightly from A = 0.35 to 
0.33 nm2). At this point, it is necessary to emphasize that the domain 
surrounding regions do not increase the brightness. This feature evidences 
that the polymerization takes place exclusively within the domains, in both 
its internal and periphery region. 
The BAM image of Figure 2d shows expanded monolayer after the 
polymerization. The bright domains expand but not disappear. This 
phenomenon is noteworthy in comparison with the monolayer under 
compression at π = 20 mN/m (Figure 2b) without UV irradiation and 
subsequently expanded where the domains disappear (data not shown). The 
persistence of the domains for the mixed film after irradiation and 
subsequent decompression is an evidence of the PDA polymerization and 
that the polymerization takes place only inside the domains. The latter has 
been tested by radiating at different surface pressures where different 
degrees of growth of the domains are detected. In all cases, the 
polymerization takes place exclusively inside the domain. 
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The expanded polymeric domains (Figure 2d) show a stricking texture 
with a bright central region and a periphery less bright. Furthermore, the 
average size of the domains is higher than a high pressure surface (Figure 
2c), indicating its elastic character. This elastic property has not previously 
been observed in polyacetylene materials. Furthermore, this elasticity is not 
the same inside than in the periphery region of the domain. In order to 
quantify this phenomenon, the surface compressional modulus, also called 
static elastic modulus, κ = -A(dπ/dA), of the mixed monolayer before and 
after polymerization at 20 mN/m for 8 minutes has been calculated (see 
Figure S1B in the Supporting Information). With respect to the polymerized 
film, κ display a maximum (κ ≈ 40 mN/m) for A = 0.55 nm2 (π ≈ 7.5 
mN/m). This value is an average which refers not only to the domains but 
also at the monolayer region where polymerization did not take place. 
However, for unpolymerized monolayer κ ≈ 6 mN/m at A = 0.55 nm2 (see 
Figure S1), so the value of κ ≈ 40 mN/m should be attributed largely to the 
domains observed. 
Different BAM images of the polymerized monolayer at different 
surface pressures are shown in Figure S2. These images correspond to the 
second compression cycle after polymerization (see insert in Figure 1, line 
gray). From these BAM images the domain average area, <AD>, can be 
obtained. Such a value was estimated from the area fraction occupied by 
domains and the number of domains in each BAM image. The experiment 
was repeated three times to obtain the average value for some surface 
pressures. In Figure 2g, the plot of the π vs <AD> is shown. For the surface 
pressure range between 3 and 11 mN/m, <AD> varies in an approximately 
linear way, which permits us to estimate that for π ≈ 7.5 mN/m, κ ≈ 25 
mN/m. Also, in the figure we can observed that for π > 20 mN/m, <AD> is 
constant, indicating that the domains reaches a rigid state (κ → ∞). 
The κ value could be correlated with the monolayer physical state.71 
Namely, the values of κ below 100 mN/m correspond to the liquid expanded 
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state, ranging from 100 to 250 mN/m to the liquid condensed state and 
greater than 250 mN/m to the solid state of the monomolecular film. For π < 
20 mN/m, the PDA:SP domains possess static elastic modulus in the range 
to those found in the expanded liquid phase, wich indicates its elastic 
character. 
To determine the time effect on the polymerization process, BAM 
images of the mixed film compressed at π = 20 mN/m after UV irradiation 
during 3 minutes were registered (Figure 2e). For this period of time, the 
polymerization does not take place completely, as discussed in below. In 
this case (Figure 2e), we can observe domains in which there is a very 
bright central region that retains the shape of the anisotropy region observed 
in Figure 2a and a slightly brightness outer halo. Under decompression the 
mixed-polymerized monolayer (Figure 2f) shows domains with a central 
region similar to that observed in Figure 2d (UV irradiation during 8 
minutes), while the peripheral region has less bright than in the previous 
case. This behavior indicates: 1. the molecular organization should not be 
the same in the central region than in the periphery of the domain; 2. the 
organization influences on the density and the degree of polymerization. 
Most likely, the polymer density should be lower in the peripheral region, 
which provides it some elasticity. Finally, the phenomenon observed here 
(Figure 2d and 2f) is reversible, so that under a new compression process 
the mixed-polymerized monolayer, the domains as those shown in Figure 2c 
and 2e are obtained. 
Reflection spectroscopy at the air−water interface. Reflection 
spectroscopy at the air‒water interface detects only those molecules which 
are at the interface and contribute to enhanced reflection from the airwater 
interface.60 This technique gives us valuable information on the 
organization, density and orientation of the chomophore molecules located 
at the airwater interface.72 For low values of absorption, the reflection, ∆R, 
has been shown to be proportional to the surface concentration of the 
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chromophore. It is usual to represent the reflection spectra as product ∆RA 
= ∆Rnorm, whose magnitude represents the reflection normalized to the 
molecular surface density.72 ∆Rnorm must remain invariant throughout the 
compression process if any changes in the chromophore orientation or 
aggregation phenomena happen. Therefore, a ∆Rnorm plot shows more 
clearly the changes of orientation and/or association than the directly 
measured spectra.57,72 
Figure 3a displays the normalized reflection spectra of the DA:SP 1:1 
film before polymerization. At low surface pressures ( < 10 mN/m), the 
spectra present a band at 478 nm. As the surface pressure increases the 
following is appreciated: Rnorm decreases and the maximum wavelength of 
the band shifts to shorter wavelengths (from 478 nm to 424 nm). Both 
phenomena are related to the decreasing of the tilt angle of the hemicyanine 
group (see θ in Scheme 1)72 and the formation of H aggregates of the 
hemicyanine chromophores,57,65,73–75 respectively. The behavior described in 
Figure 3a is very similar to that observed in the mixed monolayers 
containing SP and DMPA57 or SA58 and will not be discussed in greater 
depth here. However, it is noteworthy the maximum ∆Rnorm values achieved 
 
Figure 3. (a) Normalized reflection spectra of the mixed DA:SP = 1:1 monolayer at different surface pressures. (b) Normalized reflection spectra of the mixed film as a function of the UV irradiation time. 
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in Figure 3a are about half than those obtained for the mixed monolayers 
with DMPA57 or SA.58 In such cases, the reflection was normalized with 
respect to the area per SP molecule, while in this work R is normalized 
with respect to the area per total molecule. 
Keeping a constant surface pressure of π = 35 mN/m, the mixed 
monolayer was irradiated with UV light and the reflection spectra were 
recorded as a function of time (Figure 3b). As the time irradiation increases, 
the reflection signal increases and a new peak at 520 nm and a shoulder at 
490 nm appear. These peaks must be related to the formation of polymer 
and the increase of the reflection signal to the origin of the increased 
brightness in the domains observed in BAM (see Figure 2, being laser-BAM = 
532 nm). Another significant fact derived from the reflection measurement 
is that the hemicyanine band shifts to longer wavelengths, which should be 
related to the partial disaggregation of this group, see black arrow in Figure 
3b.  
Polymerizing pure DA monolayers initially leads to the formation of the 
blue form of the polymer, with the main absorption band at 650 nm. 
Prolonged application of UV radiation,76 or monolayer compression,77 
transforms the blue polymer to the red form (max = 550 nm). However, this 
behavior has not been observed in the mixed PDA:SP monolayer, where a 
polymer with absorption band at 520 nm has been formed. 
The stability of the polymerized system has been also followed by 
UV−vis reflection spectroscopy. Figure 4a shows some normalized 
reflection spectra obtained during the decompression process, after 
polymerization of the mixed film. ∆Rnorm keeps a constant in the region of 
large wavelengths, above 520 nm, which indicates that the polymer does not 
change its orientation with respect to the interface. However, in the region 
of short wavelengths where the hemicyanine group absorbs, an increase of 
reflection is obtained. This behavior can be interpreted as due to a change of 
the inclination of the hemicyanine group as the surface pressure increases 
Capítulo III: Elastic nanocomposite structures formed by Polydiacetilen-
Hemicyanine mixed films at the air-water interface 
 
 106 
(increase of θ angle, see Scheme 1), just the opposite of the phenomenon 
described for Figure 3a. 
Transmission spectroscopy of DA:SP = 1:1 LB films. Langmuir mixed 
monolayers of DA:SP = 1:1 have been transferred onto quartz supports at 
constant surface pressures, πtransfer = 35 mN/m, by using the LB method with 
transfer ratios close to unity in all cases. To prove the effect of the UV 
irradiation on the organization of the Langmuir and Langmuir‒Blodgett 
films, two different samples were fabricated: i. one mixed DA:SP film was 
prepared at the air−water interface, irradiated for 8 min, and finally 
transferred by LB method at 35 mN/m to the solid support; ii. one mixed 
DA:SP 1:1 monolayer was transferred at 35 mN/m and then irradiated for 8 
min. The absorption spectra for both samples were almost identical (Figure 
4b, black line).  
Diacetylene polymerization leads to two different colorimetric 
conformations: the blue form absorbing light at approximately 650 nm, and 
the red form with the absorption maximum about 550 nm. As a reference, 
one LB film of pure PDA was prepared showing the typical spectrum of this 
 
Figure 4. (a) Normalized reflection spectra of the polymerized mixed monolayer, PDA:SP = 1:1, at different surface pressures. (b) Absorption spectra of a polymerized mixed LB-film, PDA:SP = 1:1 (black line) and a polymerized pure DA monolayer (red line) as a reference. transfer = 35 mN/m. 
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material when polymerized to the red form (Figure 4b, red line). It is clearly 
appreciated the position of the absorption bands for the red polymer (553 
nm), does not match those registered for the polymer in the mixed films 
(520 nm). The organization by the polymerization process in the mixed 
monolayer shifts the maximum to shorter wavelengths with respect to that 
described for the pure PDA. Therefore, the presence of SP in the mixed 
monolayer disturbs DA polymerization, resulting in a type of polymer in 
which the conjugation of double and triple bonds is different to that existing 
in the red or blue forms of the polymer described elsewhere.7 
Transmission spectra of the LB films have been obtained under 45º 
incidence angle, with s- and p-polarized light to determine the organization 
for the SP and PDA molecules in mixed film. Figure 5 shows the s and p 
spectra for one mixed monolayer transferred at πtrans = 35 mN/m, before 
(Figure 5a) and after (Figure 5b) the UV polymerization. To discard the 
anisotropy in the plane of the quartz substrate, at least on the area covered 
by the footprint of the incident light beam, spectra were recorded under 
normal incidence of light at different polarization angles. The obtained 
spectra were identical in all cases. 
Figure 5a shows the transmission spectra before the polymerization 
under 45º of incidence and s (black line) and p (red line) polarized light. The 
spectra under s- and p-polarized shift the absorption maximum from 436 nm 
(s-spectrum) to 428 nm (p-spectrum). However, at the air‒water interface 
the absorption maximum under normal incidence was located at 424 nm 
(Figure 3a). 
Note that the polarized spectra cross-link, so that for wavelengths above 
the absorption maximum the s-spectrum is more intense than the p-
spectrum, while the opposite occurs at wavelengths lower than the 
absorption maximum. 
These spectroscopic results can be interpreted by using the dichroic ratio, 
DR = Abs/Abp (see Figure 5, inset). Thus, for an incidence angle of 45º and 
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before the polymerization (blue line), the DR ratio varied from 0.88 at λ = 
400 nm to 1.15 at λ = 500 nm. This behavior has been interpreted due to 
the splitting of the absorption band of the hemicyanine. This phenomenon is 
similar to that observed in the case of the SP:SA system,58 and because the 
existence of inequivalent molecules in the hemicyanine aggregate. 
According to Davidov's exciton theory, a given molecular energy level may 
be split into as many components as there are inequivalent molecules per 
unit cell.78,79 In addition to the spectral splitting, the Davydov bands exhibit 
distinct polarization properties, as in our case. Following a procedure 
identical to that used for the system SP:SA,58 the average tilt angle of the 
hemicyanine transition dipole with respect to the normal of the support has 
been determined to θ ≈ 34°. 
In Figure 5b, the s- and p-spectra of the mixed film after polymerization 
are shown. In this case, the s-spectrum is always more intense than the p-
spectrum. The dichroic ratio is also shown in Figure 5, inset, green line. As 
described before, the DR changed along the absorption band, showing in the 
 
Figure 5. Absorption spectra under 45º incidence angle of: (a) LB film of DA:SP 1:1 with s-polarized light (black line) and p-polarized light (red line); (b) LB film of PDA:SP 1:1 with s-polarized light (black line) and p-polarized light (red line). Inside: Dichroic ratio for DA:SP 1:1 (blue line) and for PDA:SP 1:1 (green line). 
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region of hemicyanine absorption a value close to that obtained before the 
polymerization, and near to the polymer absorption maximum (520 nm), 
that is DR 1.5. This DR value can be related to an orientation of the 
polymer absorption component almost parallel to the support.58 
Since it is not possible resolve qualitatively absorption bands of the 
polymer and hemicyanine, it can be estimated that the polymer absorption 
component (conjugated double and triple bonds) is parallel to the support, 
while the hemicyanine absorption component at surface pressure constant 
hardly changes its orientation after polymerization, although its aggregation 
changes as discussed above. 
The domains anisotropy observed by BAM before polymerization is the 
result of the orderly alignment of the hemicyanine groups originated by its 
strong self-aggregation. However, after polymerization, the domains´s 
anisotropy disappears, indicating that the conjugated polymer chains are not 
aligned along a preferential direction within the domain. The polymerization 
also seems to influence on the aggregation of the hemicyanine molecules 
and thus on their alignment involving the loss of hemicyanine order. 
Finally, fluorescence measurements of the LB mixed films have been 
done. Before polymerization, the mixed LB film is fluorescent which 
emission band corresponds to the hemicyanine group (emission at 590 nm). 
However, after polymerization, the mixed LB PDA:SP film does not 
fluoresce. This fact indicates a complete energy transfer between 
hemicyanine and polymer and that the polymer formed in this mixed film is 
not fluorescent, unlike the red polymer form (absorption band at 550 nm), 
which is fluorescent.80,81 
PM-IRRAS measurements. Figure 6 shows the PM-IRRAS spectrum of 
the mixed monolayer DA:SP = 1:1 after the polymerization (UV irradiation 
for 8 minutes) at the air‒water interface at 30 mN/m. The asymmetric and 
symmetric stretching mode of methylene groups from the alkyl chains, 
as(CH2), at 2920 cm-1, and s(CH2), at 2850 cm-1, are clearly 
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distinguishable. Previous IR studies have shown that the location of 
as(CH2) and s(CH2) modes are sensitive indicators for the lateral 
interactions between alkyl chains.82–86 Thus, the band position for the 
as(CH2) mode is 8 cm-1 lower in the crystalline state (2920 cm-1) than that 
for the liquid state (2928 cm-1), whereas for the s(CH2) mode the band 
position is 6 cm-1 lower in the crystalline sample (2850 cm-1) than in the 
liquid (2856 cm-1).86,87 The low wavenumbers observed for the as(CH2) and 
s(CH2) modes are indicative of a tightly packing of the hydrocarbon 
chains. 
In the spectrum can also be observed two intense bands at 1574 cm-1 and 
1462 cm-1, which may be related to the asymmetric and symmetric modes of 
the COO- group, respectively.88,89 Form these results the absence of bands in 
the 1740-1680 cm-1 region proves a significant fact. In this region, the 
carbonyl stretching (with or without hydrogen bound) of undissociated 
carboxyl acid group must be observed.88–90 The absence of such bands is an 
 
Figure 6. PM-IRRAS spectrum of the mixed monolayer PDA:SP = 1:1 (UV irradiation during 8 minutes) at the air-water interface at 30 mN/m. 
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evidence that the carboxyl group is completely dissociated, even at the 
surface pressure of 30 mN/m, which agrees with the formation of ion pair 
between DA and SP. 
In the spectrum other bands of lesser intensity, as 1345 cm-1 (phenyl), 
1366 cm-1 (δ(CH3)), 1403 cm-1 (δ(CH2) ) and 1610 cm-1 (phenyl or δ(CN) 
ring stretch) can be observed. 
 
3.4. Conclusions 
In this work the mixed monolayer containing SP and DA in 1:1 ratio has 
been studied. The mixture has been proved to be completely homogeneous, 
due to the good compatibility between both molecules, that is, hydrophobic 
regions sized and polar regions of opposite charge. This proper balance 
between the vertical sections of the hydrophobic and hydrophilic groups 
allows the formation of an ion pair between them. Evidence of this 
formation is obtained from the π‒A isotherm showing no formation of 
trilayer, as characteristic from the isotherm of pure DA film12,66 and also 
indicating the components of the mixture do not segregate. Moreover, by 
BAM the typical dendritic structure observed for pure DA films are not 
detected.66,69,70 However, circular domains with internal anisotropy, similar 
to those observed in different 1:1 mixed monolayers formed by SP and 
anionic amphiphilic as DMPA57 or SA,58 were registered. Finally, the 
completely dissociated state of the carboxylic group of DA molecules is 
detected by PM-IRRAS, and points to the formation of ion pair between the 
DA anionic carboxylic group and the hemicyanine group positively charged. 
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Before the polymerization, domain internal anisotropy must be related to 
ordered alignment hemicyanine group, owing to its strong self-
aggregation.57 UV−vis reflection spectroscopy at the air‒water interface 
shows how as surface area decreases, the hemicyanine tilt angle decreases 
up to a minimum angle close to 34°. Aditionally these UV‒vis reflection 
spectra prove the H-type aggregation of the hemicyanine group. An 
idealized sketch of the internal structure of the domains is shown in Scheme 
2 (left, from a top (A) and lateral (B) perspective). In this representation it is 
assumed that SP and DA form orthorhombic two-dimensional network, such 
as in the case of mixed films SP:SA.58 As was mentioned, when the domain 
grows (Figure 2b), its outermost region shows a gray texture. This change in 
texture only can be interpreted as a loss of ordering hemicyanine groups. 
We think that in domain periphery region the anisotropy disappears, 
possibly because of the existence of a large number of lattice defects (loss 
of order). But the two-dimensional network is formed since the domain 
continues to grow. 
 
Scheme 2. Idealized scheme displaying the photopolymerization of the mixed DA:SP = 1:1 monolayer where the alkyl chains of the SP molecules remain inserted between polydiacetylene segments (A) top vision, (B) lateral vision. 
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Inside the domains the area per molecule is  0.25 nm2, i.e.  0.5 nm2 per 
DA molecule. Despite this great separation between DA molecules, the 
photopolymerization under UV irradiation takes place without segregation 
of components, which indicates a highly ordered state and an adequate 
packing of the diacetylene units.43 That is, the alkyl chains of the SP 
molecules remain inserted between polydiacetylene segments, forming a 
highly ordered composite material. Furthermore, after polymerization, the 
domains anisotropy disappears, indicating that the conjugated polymer 
chains are not aligned along a preferential direction within the domain. An 
idealized sketch after the polymerization is shown in Scheme 2 (right, (A) 
from a top and (B) lateral perspective). In this scheme the polymer chains 
are intercalated, proposing that the conformation of linear polymer chains 
can change. In this way, the polymeric structure forming a mesh which 
makes the domain hold together (but elastically) when it is decompressed. 
This meshlike structure without a preferred orientation of the PDA 
absorbing component would explain the disappearance of domain 
anisotropy after polymerization. Moreover, in an orthorhombic structure the 
spacing between adjacent molecules is not equivalent. Therefore, for the 
polymerization taking place in any direction, such structure must be altered. 
An experimental evidence of this fact is the change in the hemicyanine 
aggregation observed after polymerization, by means reflection 
spectroscopy. 
In the formed polymer, the conjugation between the doubles and triples 
bounds seem altered as a result of distortion caused by the SP alkyl chains, 
obtaining a PDA material with different properties to those previously 
described for the red and blue forms of polyacetylene. Thus, blue and red 
polymer forms have absorption maxima at 650 nm and 550 nm, 
respectively, although for the system investigated here the absorption 
maximum occurs at 520 nm, i.e., 30 nm blue shift with respect to the red 
polymer form. Moreover, opposite to the fluorescence of the red polymer 
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form, the PDA material in the mixed PDA:SP 1:1 monolayer does emit 
fluorescence. In fact, the mixed films are fluorescent before the 
polymerization because the hemicyanine emission. However, after the 
polymerization by UV irradiation the mixed film does not show any 
fluorescent emission, meaning that the polymer is not fluorescent and a 
complete energy transfer between hemicyanine and polymer happens. 
The main evidence that the SP:DA mixture is completely homogeneous 
is that after polymerization the polymer absorption peak appears at 520 nm 
exclusively. Segregation of the components should result in polymer shapes 
with absorption bands at 550 and 650 nm. This has been verified 
experimentally. Thus, preliminary experiments have been carried out at 
acidic pH subphase, where DA molecules are undissociated. In these cases, 
and after UV polymerization, we observed the formation of the blue (650 
nm) and the red polymer (550 nm), although the formation of the polymer at 
520 nm was not detected. 
In the literature, it has been described as polymerized DA vesicles in 
neutral pH aqueous solution and with absorbance maximum at 540 nm, after 
the addition of cetyltrimehylammonium bromide (CTAB), shift the 
absorbance maximum at 510 nm,91,92 a wavelength close to that observed by 
us after polymerization of the mixed film. The authors propose that as 
CTAB molecule has along alkyl chain, hydrophobic interaction would drive 
the alkyl chain to incorporate with the hydrophobic domain of the vesicle.91 
Noteworthy, the polymerization takes only place in the circular domains. 
The absence of polymerization in the surrounding regions of the domains 
should be related to the lower molecular density in those regions, and 
therefore to an inadequate packing of diacetylene units. Finally, monolayer 
decompression does not imply the disappearance of polymerized domains, 
on the contrary these domains form a nanocomposite stable material, 
partially elastic in its outer region. 
 
Capítulo III: Elastic nanocomposite structures formed by Polydiacetilen-
Hemicyanine mixed films at the air-water interface 
 
  115 






Figure S1. A) Surface pressure-área (π-A) isotherms of the mixed monolayer DA:SP = 1:1. Red line: before the polymerization. Grey line: after the polymerization at 20 mN/m for 8 minutes. B) Static elastic modulus, κ =-A(dπ/dA) vs área. Red line: before the polymerization. Grey line: after the polymerization.   
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Figure S2. BAM images of the mixed monolayer DA:SP = 1:1 monolayer after the polymerization. The mixed monolayer was polymerized at 20 mN/m during 8 minutes. Then the monolayer was decompressed and again compressed. The BAM images were obtained during this second compression process. 
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(56)  Giner-Casares, J. J.; de Miguel, G.; Pérez-Morales, M.; Martı́n-Romero, M. T.; Camacho, L.; Muñoz, E.; Pérez-Morales, M.; Martín-Romero, M. T.; Camacho, L.; Muñoz, E. Effect of the Molecular Methylene Blue Aggregation on the Mesoscopic Domain Morphology in Mixed Monolayers with Dimyristoyl−Phosphatidic Acid. J. Phys. Chem. C 2009, 113, 5711–5720. 
(57)  González-Delgado, A. M.; Rubia-Payá, C.; Roldán-Carmona, C.; Giner-Casares, J. J.; Pérez-Morales, M.; Muñoz, E.; Martín-Romero, M. T.; Camacho, L.; Brezesinski, G. Control of the Lateral Organization in Langmuir Monolayers via Molecular Aggregation of Dyes. J. Phys. Chem. C 2010, 114, 16685–16695. 
(58)  González-Delgado, A. M.; Giner-Casares, J. J.; Rubia-Payá, C.; Pérez-Morales, M.; Martín-Romero, M. T.; Brezesinski, G.; Camacho, L. The Effect of the Reduction of the Available Surface Area on the Hemicyanine Aggregation in Laterally Organized Langmuir Monolayers. J. Phys. Chem. C 2011, 115, 9059–9067. 
(59)  Scheibe, P.; Schoenhentz, J.; Platen, T.; Hoffmann-Röder, A.; Zentel, R. Langmuir-Blodgett Films of Fluorinated Glycolipids and Polymerizable Lipids and Their Phase Separating Behavior. Langmuir 2010, 26, 18246–18255. 
(60)  Grüniger, H.; Möbius, D.; Meyer, H. Enhanced Light Reflection by Dye Monolayers at the Air–Water Interface. J. Chem. Phys. 1983, 79, 3701–3710. 
(61)  Blaudez, D.; Buffeteau, T.; Cornut, J. C.; Desbat, B.; Escafre, N.; Pezolet, M.; Turlet, J. M. Polarization Modulation FTIR Spectroscopy at the Air-Water Interface. Thin Solid Films 1994, 242, 146–150. 
(62)  Hada, H.; Hanawa, R.; Haraguchi, A.; Yonezawa, Y. Preparation of the J-Aggregate of Cyanine Dyes by Means of the Langmuir-Blodgett Technique. J. Phys. Chem. 1985, 89, 560–562. 
(63)  Yonezawa, Y.; Möbius, D.; Kuhn, H. Scheibe-Aggregate Monolayers of Cyanine Dyes without Long Alkyl Chains. Berichte der Bunsengesellschaft für Phys. Chemie 1986, 90, 1183–1188. 
(64)  Young, M. C. J.; Jones, R.; Tredgold, R. H.; Lu, W. X.; Ali-Adib, Z. Optical and Structural Characterization of Langmuir-Blodgett 
Capítulo III: Elastic nanocomposite structures formed by Polydiacetilen-
Hemicyanine mixed films at the air-water interface 
 
 122 
Multilayers of Non-Polymeric and Polymeric Hemicyanines. Thin Solid Films 1989, 182, 319–332. 
(65)  Hall, R. A.; Thistlethwaite, P. J.; Grieser, F.; Kimizuka, N.; Kunitake, T. The Formation and Structure of Aggregates in Hemicyanine Monolayers. Colloids Surfaces A Physicochem. Eng. Asp. 1995, 103, 167–172. 
(66)  Goettgens, B. M.; Tillmann, R. W.; Radmacher, M.; Gaub, H. E. Molecular Order in Polymerizable Langmuir-Blodgett Films Probed by Microfluorescence and Scanning Force Microscopy. Langmuir 1992, 8, 1768–1774. 
(67)  Turshatov, A. a.; Möbius, D.; Bossi, M. L.; Hell, S. W.; Vedernikov, A. I.; Lobova, N. a.; Gromov, S. P.; Alfimov, M. V.; Zaitsev, S. Y. Molecular Organization of an Amphiphilic Styryl Pyridinium Dye in Monolayers at the Air/water Interface in the Presence of Various Anions. Langmuir 2006, 22, 1571–1579. 
(68)  Roldán-Carmona, C. Revisiting the Brewster Angle Microscopy: The Relevance of the Polar Headgroup. Adv. Colloid Interface Sci. 2012, 173, 12–22. 
(69)  Volinsky, R.; Gaboriaud, F.; Berman, A.; Jelinek, R. Morphology and Organization of Phospholipid/Diacetylene Langmuir Films Studied by Brewster Angle Microscopy and Fluorescence Microscopy. J. Phys. Chem. B 2002, 106, 9231–9236. 
(70)  Gaboriaud, F.; Volinsky, R.; Berman, A.; Jelinek, R. Temperature Dependence of the Organization and Molecular Interactions within Phospholipid/Diacetylene Langmuir Films. J. Colloid Interface Sci. 2005, 287, 191–197. 
(71)  Rideal, D. Interfacial Phenomena; Academic Press: London, 1963. 
(72)  Pedrosa, J. M.; Martín-Romero, M.; Camacho, L. Organization of an Amphiphilic Azobenzene Derivative in Monolayers at the Air-Water Interface. J. Phys. Chem. B 2002, 106, 2583–2591. 
(73)  Song, Q.; Evens, C. E.; Bohm, P. W. Spectroscopic Characterization of Aggregation Behavior on Hemicyanine Dye Monolayer and Multilayer Systems. J. Phys. Chem. B 2002, 103, 2583–2591. 
(74)  Lusk, A. L.; Bohn, P. W. Spatial and Spectral Heterogeneity in Fluorescence from Monolayers of 4-(4-(Dihexadecylamino)styryl)- N -Methylpyridinium Iodide. Langmuir 2000, 16, 9131–9136. 
(75)  Lusk, A. L.; Bohn, P. W. Effect of Processing Conditions on the Formation of Aggregates and Phase Domains in Monolayers of the Hemicyanine Dye, 4-(4-(Dihexadecylamino)styryl)-N-Methylpyridinium Iodide. J. Phys. Chem. B 2001, 105, 462–470. 
Capítulo III: Elastic nanocomposite structures formed by Polydiacetilen-
Hemicyanine mixed films at the air-water interface 
 
  123 
(76)  Tachibana, H.; Yamanaka, Y.; Sakai, H.; Abe, M.; Matsumoto, M. In Situ AFM Study on the Morphological Change of the Langmuir-Blodgett Film of Cadmium 10,12-Pentacosadiynoate during Polymerization. Langmuir 2000, 16, 2975–2977. 
(77)  Mino, N.; Tamura, H.; Ogawa, K. Photoreactivity of 10, 12-Pentacosadiynoic Acid Monolayers and Color Transitions of the Polymerized Monolayers on an Aqueous Subphase. Langmuir 1992, 8, 594–598. 
(78)  Müller, H.; Eckhardt, C. J. Observation of Davydov Splitting in PTS Polydiacetylene Crystal Spectra. J. Chem. Phys. 1977, 67, 5386–5387. 
(79)  Pope, M.; Swenberg, C. E. Electronic Processes in Organic Crystals and Polymers; Oxford University Press New York, 1999; Vol. 74. 
(80)  Carpick, R. W.; Sasaki, D. Y.; Burns, a. R. First Observation of Mechanochromism at the Nanometer Scale. Langmuir 2000, 16, 1270–1278. 
(81)  Ryu, S.; Yoo, I.; Song, S.; Yoon, B.; Kim, J. A Thermoresponsive Fluorogenic Conjugated Polymer for a Temperature Sensor in Microfluidic Devices A Thermoresponsive Fluorogenic Conjugated Polymer for a Temperature Sensor in Microfluidic Devices. J. Am. Chem. Soc. 2009, 131, 3800–3801. 
(82)  Fernández, J.; Ruiz, J.; Camacho, L.; Martin, M. T.; Muñoz, E. Orientation and Organization of Langmuir-Blodgett Mixed Films Consisting of a Phospholipid and a Viologen Studied by Infrared Spectroscopy. J. Phys. Chem. B 2000, 104, 5573–5578. 
(83)  Gao, W.; Dickinson, L.; Grozinger, C.; Morin, F. G.; Reven, L. Self-Assembled Monolayers of Alkylphosphonic Acids on Metal Oxides. Langmuir 1996, 12, 6429–6435. 
(84)  Lozano, P.; Fernandez, A.; Ruiz, J. J.; Camacho, L.; Martin, M. T.; Muñoz, E. Molecular Organization of LB Multilayers of Phospholipid and Mixed Phospholipid/Viologen by FTIR Spectroscopy. J. Phys. Chem. B 2002, 106, 6507–6514. 
(85)  Sinniah, K.; Cheng, J.; Terrettaz, S.; Reutt-Robey, J. E.; Miller, C. J. Self-Assembled. Omega.-Hydroxyalkanethiol Monolayers with Internal Functionalities: Electrochemical and Infrared Structural Characterizations of Ether-Containing Monolayers. J. Phys. Chem. 1995, 99, 14500–14505. 
(86)  Snyder, R. G.; Strauss, H. L.; Elliger, C. A. Carbon-Hydrogen Stretching Modes and the Structure of N-Alkyl Chains. 1. Long, Disordered Chains. J. Phys. Chem. 1982, 86, 5145–5150. 
Capítulo III: Elastic nanocomposite structures formed by Polydiacetilen-
Hemicyanine mixed films at the air-water interface 
 
 124 
(87)  Snyder, R.; Maroncelli, M.; Strauss, H. L.; Hallmark, V. M. Temperature and Phase Behavior of Infrared Intensities: The Poly(methylene) Chain. J. Chem. Phys. 1986, 90, 5623–5630. 
(88)  Gericke, A.; Huehnerfuss, H. In Situ Investigation of Saturated Long-Chain Fatty Acids at the Air/Water Interface by External Infrared Reflection-Absorption Spectrometry. J. Phys. Chem. 1993, 97, 12899–12908. 
(89)  Gericke, A.; Huehnerfuss, H. Investigation of Z-Unsaturated and E-Unsaturated Fatty-Acids, Fatty-Acid Esters, and Fatty Alcohols at the Air-Water-Interface by Infrared-Spectroscopy. J. Phys. Chem. 1995, 11, 225–230. 
(90)  De Miguel, G.; Pedrosa, J. M.; Martín-Romero, M. T.; Muñoz, E.; Richardson, T. H.; Camacho, L. Conformational Changes of a calix[8]arene Derivative at the Air-Water Interface. J. Phys. Chem. B 2005, 109, 3998–4006. 
(91)  Su, Y. L.; Li, J. R.; Jiang, L. Effect of Amphiphilic Molecules Upon Chromatic Transitions of Polydiacetylene Vesicles in Aqueous Solutions. Colloids Surfaces B Biointerfaces 2004, 39, 113–118. 
(92)  Su, Y.-L.; Li, J.-R.; Jiang, L. A Study on the Interactions of Surfactants with Phospholipid/Polydiacetylene Vesicles in Aqueous Solutions. Colloids Surfaces A Physicochem. Eng. Asp. 2005, 257-258, 25–30.  
 
  
Capítulo III: Elastic nanocomposite structures formed by Polydiacetilen-
Hemicyanine mixed films at the air-water interface 
 

























Diacetylene Mixed Langmuir Monolayers for Interfacial 
Polymerization 
 
Luisa Ariza-Carmona, Carlos Rubia-Payá. G. García-Espejo,  María T. Martín-Romero, Juan 
J. Giner-Casares and Luis Camacho 
 
Institute of Fine Chemistry and Nanochemistry Department of Physical Chemistry and 
Applied Thermodynamics, University of Córdoba, Campus Universitario de Rabanales, 
Edificio Marie Curie, Córdoba, Spain E-14014 
 
Polydiacetilene (PDA) and its derivatives are promising materials for 
applications in a vast number of fields, from organic electronics to 
biosensing. PDA is obtained through polymerization of diacetylene (DA) 
monomers, typically using UV irradiation. DA polymerization is 1-4 
addition reaction with both initiation and growth steps with topochemical 
control, leading to the “blue” polymer form as primary reaction product in 
bulk and at interfaces. Herein, the diacetylene monomer 10,12-
pentacosadiynoic acid (DA) and the amphiphilic cationic N,N´-
dioctadecylthiapentacarbocyanine (OTCC) have been used to build a mixed 
Langmuir monolayer. The presence of OTCC imposes a monolayer 
supramolecular structure instead of the typical trilayer of pure DA. 
Surface pressure, Brewster angle microscopy, and UV−vis reﬂection 
spectroscopy measurements, as well as computer simulations, have been 
used to assess in detail the supramolecular structure of the DA:OTCC 
Langmuir monolayer. Our experimental results indicate that the DA and 
OTCC molecules are sequentially arranged, with the two OTCC alkyl 
chains acting as spacing diacetylene units. Despite this conﬁguration is 
expected to prevent photopolymerization of DA, the polymerization takes 
place without phase segregation, thus exclusively leading to the red 
polydiacetylene form. We propose a simple model for the initial formation 
of the “blue” or “red” PDA forms as a function of the relative orientation of 
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the DA units. The structural insights and the proposed model concerning the 
supramolecular structure of the “blue” and “red” forms of the PDA are 
aimed at the understanding of the relation between the molecular and 
macroscopical features of PDAs. 
 




Polydiacetylenes (PDA) are proposed as efficient sensors due to their 
outstanding colorimetric/ﬂuorescence dual detection capability.1–3 Yoon et 
al. designed a highly efficient colorimetric sensor based on PDA for sensing 
carbon dioxide, with much noticeable color change.4 Counterfeit signatures 
can be stamped on tickets using PDA, being temperature sensing.5 Well-
ordered monomers in bulk (crystal, liposomes) or at interfaces (Langmuir 
monolayers) can be photopolymerized by UV irradiation.6–9 The polymeric 
backbone formed is composed of alternating double and triple bonds,10 
which absorbing light at approximately 650 nm gives a blue appearance. 
This is the so-called “blue” form of PDA. On the other hand, if the 
polymeric backbone is rotated,11 the absorption maximum is shifted to ca. 
550 nm, and a bright red color is obtained, thus being named as the “red” 
form of PDA. 
The backbone rotation can be induced by different stimuli: exposure to 
heat,12,13 presence of organic solvents,14,15 pH and salt variations,16,17 
mechanical stress,17,18 electric current,3,19,20 or, in the case of biosensors, by 
the specific surface bound ligand-receptor interaction.21–23 The colorimetric 
shift from blue to red is usually irreversible. To achieve reversible color 
change, PDA interactions with either metal ions interactions,24,25 or 
inorganic nanoparticles,26,27 as well as synthesized diacetylene with different 
headgroup,28–30 have been reported. Despite the great effort devoted to the 




elucidation of the mechanism of blue-to-red transition, the detailed 
mechanism is not yet fully understood. Previous reports suggest that the 
release of side-chain strain taking place upon stimulation causes rotation 
about the C‒C bonds in PDA backbone. This conformational change 
modifies the conjugation degree of the array of p-orbitals, leading to a 
structural change in the chromophore responsible for the observed color.31 
The diacetylene polymerization reaction is a 1–4 addition with 
topochemical control, i.e., the reaction product is determined by the initial 
atom positions within the crystal unit cell.32 Thus, the blue polymer form is 
initially obtained in most cases. On the other hand, recently we have 
described a system in which the polymerization leads directly to the red 
polymer form. Thus, in mixed monolayers formed by 10,12-
pentacosadiynoic acid (DA) and an amphiphilic cationic hemicyanine (SP) 
after the photopolymerization, only the red polymer form is obtained.33 
 
Scheme 1. (a) DA and OTCC molecular structures; (b−e) Schematics of four proposed models for DA:OTCC molecular organizations with diﬀerent OTCC headgroup aggregation and alkyl chain arrangement; (f) side view of the DA:OTCC pair according to sketch (b); (g) side view of the DA:OTCC pair as optimized by using MM+ Computer Simulations. 
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Herein, the equimolar mixed monolayer of DA and the amphiphilic 
cationic N,N´-dioctadecylthiapentacarbocyanine (OTCC) have been studied 
at the air/water interface; see Scheme 1 for molecular structures. The 
confinement of the DA molecules at the air/water interface provides a 
unique environment for studying and polymerizing carbon-rich molecules, 
leading to interesting insights and materials.34 DA and OTCC molecules are 
interacting in such a way that the two OTCC alkyl chains act as spacer 
diacetylene units. This configuration is expected to prevent 
photopolymerization of DA. However, the polymerization takes place 
without segregation of components, and only the red polymer was obtained, 
as previously observed for the DA:SP monolayer.33 
 
Scheme 2. (a) DA Distribution at the Air/Water Interface for a Pure DA Monolayer; (b) Topochemical DA Polymerization along the k-Axis (2D Polymerization); (c) PDA Resulting Conformation after the 2D Polymerization (Aligned Conﬁguration); (d) Structure of the PDA (Six Monomeric Units) and Six OTCC Molecules Obtained by Computer Simulations (Molecular Mechanics Protocol). 




Obtaining a full picture on why in these mixed monolayers the red 
polymer is exclusively obtained may be the starting point to achieve a 
rationale model on the PDA polymerization. This model might explain the 
relationship between the conformational changes during the polymer phase 
transition and the nature of the color change.  
 
4.2. Experimental section 
Materials: 10,12-Pentacosadiynoic acid (DA) was purchased from ABCR 
(Germany) and purified according to the method described elsewhere,35,36 
that is, the diacetylene monomer was dissolved in chloroform and filtered 
through a 0.45 m nylon filter. Purified powder was obtained by 
evaporation of the solvent. Sodium N,N´-dioctadecylthiapentacarbocyanine 
(OTCC) was synthesized by J. Sondermann at the Max-Planck-Institut für 
biophysikalische Chemie.37 Their molecular structures are depicted in 
Scheme 1.  
The initial solutions for each component were prepared as well in 
chloroform. A mixture of thrichloromethane and methanol, ratio 3:1 (v/v), 
was used as cospreading solvent. The pure solvents were obtained without 
purification from Aldrich (Germany). Ultrapure water, produced by a 
Millipore Milli-Q unit, pretreated by a Millipore reverse osmosis system 
(>18.2 M cm), was used as a subphase. The subphase temperature was 
21ºC with pH 5.7. 
Methods: Two different models of Nima troughs (Nima Technology, 
Coventry, England) were used in this work, both provided with a Wilhelmy 
type dynamometric system using a strip of filter paper: a NIMA 611D with 
one moving barrier for the measurement of the reflection spectra and a 
NIMA 601, equipped with two symmetrical barriers to record BAM images. 
The monolayers were compressed at a speed of 0.03 nm2 min-1 molecule-1. 
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For the UV irradiation a UV lamp ( = 254 nm, W = 10 W) was 
mounted on top the trough, keeping a distance of ca. 5 cm from the 
cospreading mixed film prepared at the air‒water interface. 
UV–visible reflection spectra at normal incidence as the difference in 
reflectivity (∆R) of the dye film-covered water surface and the bare 
surface38 were obtained with a Nanofilm Surface Analysis Spectrometer 
(Ref SPEC2, supplied by Accurion GmbH, Göttingen, Germany). The 
reflection spectra were normalized to the same surface density of OTCC by 
multiplying ∆R by the surface area, i.e., ∆Rnorm = ∆R·A, where A 
(nm2/molecule) is taken from the surface pressure‒area (π‒A) isotherms. 
Images of the film morphology were obtained by Brewster angle 
microscopy (BAM) with a I-Elli2000 (Accurion GmbH) using a Nd:YAG 
diode laser with wavelength 532 nm and 50 mW, which can be recorded 
with a lateral resolution of 2 μm. The image processing procedure included 
a geometrical correction of the image as well as a filtering operation to 
reduce interference fringes and noise. The microscope and the film balance 
were located on a table with vibration isolation (antivibration system MOD-
2 S, Accurion, Göttingen, Germany) in a large class 100 clean room. 
Computer simulations: We have used semiempirical and molecular 
mechanics methods implemented in HyperChem.hy have been used.39 
Molecular dimensions of the OTCC surfactant was calculated by optimizing 
the OTCC geometry using the semiempirical AM1 method (RMS gradient 
0.001kcal/Å×mol). The structure of the DA:OTCC par was optimized by 
using MM+ (see Scheme 1g). Prior to the molecular mechanical 
optimization, the AM1 semiempirical method has been used to optimize 
OTCC+ and DA- molecules separately. 
For the study of the PDA:OTCC complex (see Scheme 2d), a polymer 
chain consisting of six DA- monomers was built, where the charges were 
assigned by the AM1 semiempirical method. The same computational 
procedure was performed for the OTCC+ molecule. Prior to the optimization 




running, the OTCC molecules were elapsed ~0.4 nm in an H-configuration 
(see Scheme 1b), and then the polymer segment was placed between the 
OTCC alkyl chains. Subsequently, the complex formed by the polymer and 
six OTCC units was initially optimized by MM+. Afterward, to search the 
existence of other structures with lower energy, three runs of molecular 
dynamics simulations were performed. Each run consisted of heating the 
structure to 400 K, molecular dynamics simulations for 5 ps, and then 
annealing to 0 K. Finally, the structure was again optimized by using MM+ 
(RMS gradient 0.001kcal/Å·mol). See the Supporting Information for more 
details.  
The packing between pure polymer chains segments has been studied by 
using MM+. Eigth polymer segments formed by nine monomeric units each 
are considered. For simplicity, we used as monomeric units 
CH3─(CH2)12─C≡C─C≡C─(CH2)7─CH3, without the carbonyl group. The 
charge has been assigned by the single point AM1 method. The eigth 
polymer segments were place parallel and elapsed ~0.4 nm. Next, the 
geometry was optimized using the MM+ force field including no cutoffs. 
The Polak‒Robiere method was used for minimizing the energy by varying 
the geometry of the complex. The convergence criteria was 0.001 
kcal/(Å·mol). After each optimization four runs of molecular dynamics 
simulations to search for possible existence of other structures with lower 
energy were made. Each run consisted of heating the structure to 300 K, 
molecular dynamics simulations for 4 ps, and then annealing to 0 K. After 
each molecular dynamics simulation the structure was again optimized by 
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4.3. Results and Discussion 
Surface Pressure (π)–Area (A) Isotherms. Mixed Langmuir monolayers 
of DA:OTCC in equimolar ratio have been prepared at the air−water 
interface by the cospreading method. The surface pressure−area (πA) 
isotherm of the mixed monolayer DA:OTCC is shown in Figure 1 as well as 
the pure DA and OTCC for comparison. The takeoff of the surface pressure 
occurs at ca. 1.2 nm2 per molecule, with a phase transition at ca. 0.85 nm2 
per molecule. 
The overshoot in the surface pressure indicates the starting point of the 
phase transition. The DA:OTCC mixed Langmuir monolayer is principally 
sustained by ionic pairs between the molecules with opposite charge, in this 
case the anionic DA and the cationic OTCC. Additional intermolecular 
interactions are also present, including hydrophobic interactions between 
chains, as well as the self-assembly of the OTCC polar group. All these 
 
Figure 1. Surface pressure-area (-A) isotherms of DA (black line), OTCC (blue line), and mixed DA:SP = 1:1 monolayer (red line). Inset: Effect of UV radiation on the mixed film.  




intermolecular interactions contribute to the miscibility of the DA and 
OTCC molecules at the air/water interface. The overshoot in the ‒A 
isotherms of the DA:OTCC mixed monolayers indicates the complete 
miscibility of the components.40 Pure DA Langmuir monolayer collapses at 
area values below 0.25 nm2/molecule (for example in Figure 1, black line, 
for   40 mN/m, A = 0.1 nm2/molecule), forming a trilayer.41 For the pure 
OTCC Langmuir monolayer (Figure 1, blue line), the takeoff of the 
isotherm occurs at ca. 2.15 nm2/molecule, with a phase transition at ca. 
12mN/m. The monolayer collapse takes place at an area of ca. 0.8 nm2 per 
molecule. The length of the OTCC polar group has been calculated to be ca. 
1.94 nm. Assuming an intermolecular distance between polar groups of ca. 
0.4 nm at high surface pressure, the area occupied at the air/water interface 
per OTCC polar group is estimated to be greater or equal to 0.78 nm2, in 
close agreement to the area experimentally found per OTCC molecule, i.e., 
ca. 0.8nm2. This estimation suggests that the polar group controls the 
surface area, at least for high values of surface pressure.  
For an ideal homogeneous mixture at high values of surface pressure in 
which DA and OTCC molecules occupy 0.2 nm2 and 0.8 nm2 per molecule, 
respectively, an average area per molecule of ca. 0.5 nm2 is expected. No 
collapse is considered. However, for the DA:OTCC mixed monolayer at π = 
40 mN/m, the area per molecule is ca. 0.43 nm2. This deviation might arise 
from two phenomena; First, the DA and OTCC molecules do not mix 
homogeneously; thus, segregation occurs with the collapse of the DA 
molecules (trilayer formation). Second, a homogeneous monolayer is 
formed such that DA and OTCC are organized in a way so the DA 
molecules occupy an almost negligible area at the interface, as further 
discussed below. The stability of DA:OTCC mixed monolayer is studied 
using successive compression−expansion cycles, were almost no hysteresis 
between the first and second compression cycles is obtained (see Figure S3). 
On the other hand, cyclical isotherms of pure DA monolayer show a large 
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hysteresis (see Figure S1), indication that the collapse (trilayer formation) is 
an irreversible process. The absence of hysteresis in the DA:OTCC mixed 
monolayer suggest that there is no formation of a trilayer. 
The effect of UV radiation on the mixed monolayer is shown in Figure 1, 
inset. The DA:OTCC mixed monolayer was compressed up to 30 mN/m. 
Subjected to a constant value of surface pressure, the DA:OTCC mixed 
monolayer was UV-irradiated for 8 min. UV irradiation leads to a decrease 
on the surface area from 0.47 nm2 to 0.37 nm2 per molecule. After the 
irradiation, the monolayer was expanded, and finally a second 
compression−decompression cycle (gray line) was performed. The 
application of UV radiation modifies the thermodynamic properties of the 
monolayer, as observed in the isotherms. Thus, during the second 
compression cycle the above commented phase change disappears. The 
monolayer shrinks at low surface pressures, i.e., below 15 mN/m. The DA 
polymerization does not occur if the monolayer is irradiated at a surface 
pressure below the phase change, given the intermolecular distance between 
DA units is much larger than required. 
Brewster Angle Microscopy (BAM). The morphology of the DA:OTCC 
mixed Langmuir monolayer has been observed in situ by BAM (see Figure 
2). Before the isotherm take-off, netlike structures are observed, suggesting 
a transition from gas phase (or liquid expanded) to liquid condensate phase 
(Figure 2a). Once the isotherm take-off is reached, the monolayer became 
homogeneous, indicating the complete miscibility of the components. The 
homogeneity remains until the overshoot is reached (see Figure 2b).  
Small bright dots appear after the overshoot of the surface pressure (see 
Figure 2c). As the surface pressure increases, these bright spots grow into 
stars with 6 to 10 tips. Interestingly, the arms of the stars show anisotropy, 
i.e., that the arms directed towards the vertical are bright, while towards the 
horizontal are dark (see Figure 2d). The texture of the domains will be 
discussed in detail below. These star-shaped domains are related to the 




phase transition observed in the isotherm (see Figure 1). The star-shaped 
domains grow as the surface pressure is increased (Figure 2e). At 30 mN/m 
the domains are tightly packed, with no coalescence. On the other hand, the 
tips seem to bend due to the pressure exerted by the surrounding domains 
(see Figure 2f). To avoid image saturation due to increasing reflectivity of 
the DA:OTCC monolayer, the laser power must be reduced to obtain the 
image shown in Figure 2f. The domains disappear after decompression of 
the monolayer (see Figure 2g). However, in the case of a pure DA Langmuir 
monolayer, the domains do not disappear completely along the 
decompression (see Figure S2B). For the mixed monolayers, a second 
compression cycle leads again to the star-shaped domains as for the 
previous compression process (Figure 2a−f). The BAM images of the 
DA:OTCC monolayer do not show the typical dendritic structure observed 
for pure DA Langmuir monolayer (see Figure S2),42,43 nor branched shape 
domain observed for pure OTCC monolayers (see Figure S4). The absence 
of these structures is an evidence of the complete miscibility of that OTCC 
and DA in equimolar ratio and the ion pair formation. 
Figure 2h shows a BAM image at π = 30 mN/m, after the UV irradiation 
for 8 minutes. The BAM laser power was held constant with respect to 
Figure 2f. The application of UV radiation causes an increase in brightness 
(reflectivity increased) in some regions of the monolayers, which is related 
to the formation of PDA. However, such polymerization does not occur 
exclusively in the bright regions. When the laser polarizer is rotated, 
anisotropy is observed, i.e., bright areas become dark, while new brighter 
areas appeared (see Figure S2). 
The DA:OTCC monolayer was expanded after the polymerization (see 
Figure 2i). In addition to dark regions (gas phase or bare water surface), 
quite similar structures to those observed in Figure 2h are maintained. In 
addition, these structures held together, showing anisotropy with bright and 
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dark regions which position is modified as the laser polarizer is rotated (see 
Figure S3). 
 
UV-vis Reflection spectroscopy at the air/liquid interface. UV‒vis 
reflection spectroscopy at the air/liquid interface sensitive exclusively to 
those molecules located at the interface. This technique provides valuable 
information on the organization, density, and orientation of the 
chromophore molecules located at the air/liquid interface.44 For low values 
of absorption, the reflection, ∆R, has been shown to be proportional to the 
surface concentration of the chromophore. The reflection spectrum is 
usually represented as product ∆R×A = ∆Rnorm, the magnitude which 
represents the reflection normalized to the molecular surface density. ∆Rnorm 
 Figure 2. BAM images of the mixed DA:OTCC = 1:1 monolayer(a)-(f) Compression process before the polymerization. (g) Expansion without polymerization. (h) After 10 minutes of polymerization at   = 30 mN/m. (i) Expansion before the polymerization.  




remains constant throughout the compression process if any changes in the 
chromophore orientation or aggregation phenomena happen showing the 
changes of orientation and/or association of the chromophore.44 
The UV−vis absorption spectrum of OTCC in bulk solution shows bands 
at 665 and 610 nm. The normalized reflection spectra of the DA:OTCC 
mixed monolayer before polymerization are shown in Figure 3a. At low 
surface pressures (π < 13 mN/m), the spectrum shows an intense band 
centered at 670 nm and one vibronic sub-band at around 620 nm (Figure 
3A, black line) due to the OTCC polar group absorption 
(thiapentacarbocyanine group).45 As the surface pressure increases, the 
gradual disappearance of the 670 and 620 nm bands and the appearance of 
new bands at 605 nm and 545 nm are observed. For π = 30 mN/m (red line 
in Figure 3A, A = 0.45 nm2) only the 605 and 545 nm bands could be 
observed. The changes in the absorption spectrum take place along the 
isotherm plateau region, suggesting that the phase change is controlled by 
the OTCC aggregation. 
The shift of the absorption bands of the polar group OTCC must be 
related with its H-aggregation of this compound. Note that pure OTCC 
Langmuir monolayers form J-aggregates at the air/liquid interface. In fact, 
Figure 3A (black dashed line) shows a spectrum of the pure OTCC 
monolayer at 30 mN/m. In this case, bands at 820, 740, 700 and 620 nm are 
detected. Additional reflection spectra of the pure OTCC monolayer can be 
found in the Supporting Information (Figure S7). The large difference 
observed between the spectra at the DA:OTCC monolayer (Figure 3A, red 
line) and at the pure OTCC monolayer (Figure 3A, black dashed line) is a 
further evidence of the complete miscibility of the components in the 
DA:OTCC monolayer.  
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The mixed monolayer was irradiated with UV light under a constant 
surface pressure of π = 30 mN/m. UV−vis reflection spectra were 
dynamically recorded to monitor the polymerization process at the interface 
(see Figure 3B). The reflection signal in the region between 580 and 400 nm 
increases with increasing irradiation time. After an irradiation time of 8 
minutes, the UV−vis reflection signal reaches a plateau value (Figure 3B, 
green line). The subtracted spectrum between the UV−vis spectra before 
and after polymerization is shown in Figure 3B (black line). This subtracted 
spectrum show a band at 520 nm and a shoulder at 490 nm, related to the 
formation of PDA.33 
Polymerizing pure DA monolayers initially leads to the formation of the 
blue form of the polymer, with the main absorption band at ca. 650 nm. 
Further irradiation with UV ligth,46 or monolayer compression,47 turns the 
blue form of the PDA into the red form with a max of ca. 550 nm. However, 
this behavior has not been observed in the PDA:OTCC monolayer, where 
 
Figure 3. (a) Normalized reflection spectra of the mixed DA:OTCC = 1:1 monolayer at different surface areas. The dashed black line correspond to the normalized spectrum obtained for the pure OTCC monolayer at π = 30 mN/m (b) Normalized reflection spectra of the mixed film as a function of the UV irradiation time. The black line represents the difference spectrum between the final (t = 7 min.) and initial (t = 0) spectra.  




only the red polymer with absorption band at 520 nm has been formed, 
similarly to the behavior of PDA:SP mixed monolayer.33 This behavior is 
further evidence that there is not components segregation during the 
polymerization. At 520 nm, the normalized reflection intensity is ca. 0.001 
nm2, (note that in Figure 3B black line is 3−fold increased). This value is 
coincident with the obtain in the PDA:SP system,33 and could be related 
with the DA complete polymerization. 
The stability of polymerized system has been monitored by UV−vis 
reflection spectroscopy. The DA:OTCC monolayer was subjected to 
decompression followed by subsequent compression. The UV−vis reflection 
spectra are coincident with those obtained during the first compression 
cycle. We therefore conclude that the polymerization of the DA units within 
does not disturb the ion pair formation between the carbonyl group and the 
OTCC polar group. 
The UV−vis reflection spectra of the PDA:OTCC monolayer provide the 
molecular basics for the interpretation of the inner textures observed in the 
BAM images, as commented above. The absorption of the incoming 
radiation during BAM experiments (laser beam:  = 532 nm) further 
enhances the observed reflectivity observed in the BAM images, given the 
reflection is proportional to the absorption.38,48 Prior to polymerization, star-
shaped domains exhibit a large reflectivity. Such reflectivity arises from H-
aggregates of OTCC molecules, absorbing at 532 nm (see Figure 3A). Note 
the observed anisotropy within these domains is due to the large ordering of 
the molecules forming the domains. The brightest regions within the 
domains would be related to a parallel alignment of the OTCC transition 
dipoles with respect to the incoming p-polarized radiation, whereas the gray 
regions inside the domains must be related to a different alignment.48 
This phenomenon is confirmed by rotating the laser polarizer, thus 
exchanging bright and gray regions (see Supporting Information). With the 
polymerization of the DA molecules into PDA, the absorption at 532 nm 
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increases; therefore, the reflection is also increased (see Figure 2h). Note 
that the anisotropy is still observed, indicating that the molecular 
organization is maintained even after polymerization. 
PM-IRRAS Measurements at the Air/Liquid Interface. Figure 4 shows 
the PM-IRRAS spectrum of the mixed monolayer DA:OTCC = 1:1, prior to 
(red line) and after the polymerization (black line, UV irradiation during 8 
min) at the air/water interface and for a surface pressure of 30 mN/m. The 
asymmetric and symmetric stretching mode of methylene groups from the 
alkyl chains, υas(CH2), at 2924 cm−1, and υs(CH2), at 2853 cm−1, are clearly 
distinguishable. These bands position are intermediates between that 
expected for a crystal packing of the alkyl chains (2920 and 2850 cm−1, 
respectively) and for the liquid state (2928 and 2856 cm−1, respectively).49,50 
For the surface pressure of 30 mN/m, the surface area per alkyl chain before 
and after polymerization are ca. 0.31 and ca. 0.25 nm2, respectively (note 
that in Figure 1, the areas per molecule are ca. 0.47 and ca. 0.37 nm2, 
respectively, and there are three alkyl chain for each two molecules). These 
results conﬁrm that there is a good organization of the alkyl chains, 
although there is not crystalline packing because the surface area per alkyl 
chain is greater than necessary for this (∼0.2 nm2). 
Two bands at 1567 and 1462 cm−1 are also observed, which may be 
related to the asymmetric and symmetric modes of the COO− group, 
respectively.51 It is noteworthy the absence of bands in the 1740−1680 cm−1 
region. In this region, the carbonyl stretching (with or without hydrogen 
bound) of not dissociated carboxyl acid group should be observed.51 The 
absence of such bands indicates the complete dissociation of the carboxyl 
group, even at the surface pressure of 30 mN/m. This result supports the 
formation of ion pair between DA and OTCC molecules, excluding the DA 
and OTCC segregation after polymerization.  




DA:OTCC Monolayer Supramolecular Structure Prior Polymerization. 
As commented above, a number of intermolecular interactions contribute to 
the formation of a homogeneous DA:OTCC mixed Langmuir monolayer: 
ionic pair formation between the anionic DA and the cationic OTCC, the 
hydrophobic interactions between alkyl chains, and the self-assembly of the 
OTCC polar group. Note that the set of two OTCC saturated alkyl chains 
cannot form a tightly packed structure with the DA unsaturated alkyl chain. 
The diacetylene group imposes a certain tilt and rigidity to the alkyl chain of 
DA (see Scheme 1a). 
Two experimental measurements are most relevant for establishing the 
model for supramolecular organization of DA and OTCC molecules within 
the mixed monolayer. First, OTCC molecules show H-aggregation in 
DA:OTCC mixed monolayers, whereas J-aggregation is shown in pure 
OTCC monolayers. Second, the DA molecules do not occupy an eﬀective 
area at the air/water interface at high surface pressure (condensed phase). 
The observed area per molecule is coincident with the area of a single 
OTCC headgroup, ca. 0.8 nm2 per molecule. From the isotherm of the 
DA:OTCC mixed monolayer a value of area per molecule of ca. 0.43 nm2 
 Figure 4. PM-IRRAS spectrum of the mixed monolayer PDA:OTCC = 1:1, prior to (red line) and after the polymerization (black line, UV irradiation for 8 min) at the air/water interface at 30 mN/m. 
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per molecule is obtained at π = 40 mN/m (see Figure 1). Thus, 0.86 nm2 per 
DA:OTCC pair is observed. 
The molecular structures of OTCC and DA molecules are displayed in 
Scheme 1. The two alkyl segments of the DA molecules are displayed in red 
and blue to provide a clearer view of the proposed organization. Four 
diﬀerent models for the supramolecular DA:OTCC organization can be 
considered and are depicted in Scheme 1b−e on top view. J-aggregation of 
OTCC molecules is proposed in the two structures 1d and 1e, however not 
being observed experimentally. In the case of J-aggregation, the OTCC and 
DA alkyl chains would be confronted, which might lead to steric hindrance. 
The H-aggregation of OTCC molecules is proposed in the structures 1b and 
1c, as experimentally observed. Note the model shown in Scheme 1c 
considers a signiﬁcant contribution of the DA molecules to the overall 
values of molecular areas in the mixed Langmuir monolayer. This 
contribution is not observed in the surface pressure-molecular area isotherm 
of the mixed Langmuir monolayer. Therefore, the supramolecular structure 
for the mixed DA:OTCC monolayer we propose is depicted in Schemes 1b 
and 1f. The DA molecules are located above the polar headgroup of OTCC 
molecules, between the two alkyl chains of this molecule. Thus, the DA 
molecules do not occupy a signiﬁcant area at the air/water interface. 
The DA:OTCC pair was studied by computer simulations (molecular 
mechanics method); see Scheme 1g for the optimized structure. This 
computational result shows the alkyl chains overcrowding (further details in 
the Supporting information).  




Supramolecular structure of the PDA:OTCC mixed monolayer after 
polymerization. The diacetylene polymerization reaction is a 1–4 addition 
(see Schemes 2a and 2b) with both initiation and growth steps with 
topochemical control. That is, both initiation and growth are determined by 
the positions of the atoms in the crystal unit cell.52 The maximal reactivity is 
expected for b ≈ 5 Å and γ ≈ 45º (see Scheme 2a).32 Polymerization occurs 
exclusively along of the direction of a-axes. Scheme 2a shows the 
diacetylene group distribution at the air/water interface for a pure DA 
monolayer, with R1 and R2 groups located above and below the plane, 
respectively, and the diacetylene group tilted with respect to the plane.53 
Note that the relative location of DA molecules does not meet the 
topochemical conditions required for polymerization, in the model proposed 
in Scheme 1b. The diacetylene polymerization has been shown to take place 
through different geometric criteria.54,55 Indeed, diacetylene adsorbed on 
graphite can be polymerized; however, all the diacetylene groups and alkyl 
chains are placed on the same plane (2D polymerization), implying a similar 
 
Scheme 3. (a) Topochemical DA Polymerization along the a-Axis (3D Polymerization) and PDA Resulting Conformation; Sketch of the (b) Twisted and (c) Aligned Conformations; (d) Position of the Cα,Cα′,Cβ, and Cβ′ Atoms with Respect to the Conjugation Plane. 
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alignment to that defined by the k-axis in Scheme 2a, as proposed for the 
mixed DA:OTCC film (see Scheme 1b). 
Scheme 2b shows the arrangement of DA molecules in a 2D 
polymerization. The four carbon atoms of the diacetylene group, as well as 
all the carbon atoms of the R1 and R2 chains, are located on the same plane, 
coincident with the figure plane. The arrangements of the C and C atoms 
of these chains (Scheme 2b) are adjacent to the diacetylene group and play a 
fundamental role in the resulting conformation of the polymer. Under these 
topochemical 2D conditions the polymer formed must show a conformation 
wherein the hydrogen atoms of the C atom are positioned one on each side 
of the plane defined by the conjugated double and triple bonds (conjugation 
plane) and for the hydrogen atoms of the C atom as well. After the 
polymerization, all the C atoms (including those of the alkyl chains) must be 
in the same plane (see Scheme 2c). This type of structure has been 
determined for the polymerization of diacetylene on graphite (in-plane 
conformation).54 The resulting conformation from 2D polymerization is 
named as aligned configuration. Herein, the aligned term indicates the 
alignment between the alkyl chains and the conjugation plane. 
The polymerization in the DA:OTCC mixed Langmuir monolayer 
follows the described mechanism, similarly to the polymerization in the 
DA:SP mixed monolayer.33 In both cases all the carbon atoms of the 
different diacetylene groups are in the same plane. Computer simulations 
using molecular mechanics and molecular dynamics protocols have been 
performed to analyze the structure of the possible complex formed by 
OTCC and PDA molecules in the aligned conformation (see Experimental 
Section and Supporting Information for more details). The final structure 
obtained is shown in Scheme 2d. In the optimized complex structure, it was 
found that PDA conserves the aligned configuration. A certain degree of 
rotation is observed in the polymer conjugation plane, though (see Scheme 
2d, red arrow). Thus we obtain that the dihedral angle between consecutive 




double bonds, C=C…C=C, is 176 ± 2º. In addition, such rotation occurs 
always in the same direction, thus leading to a helical structure (see 
Supporting Information for more details). 
The structure shown in Scheme 2d represents the minimal energy 
conﬁguration. A large compatibility between the aligned polymer structure 
and OTCC molecules, given the distance between the carboxyl groups and 
the separation between OTCC units are coincident (ca. 0.52 nm). The 
largely packed structure formed involves an eﬀective reduction of the 
average area occupied per molecule at the air/water interface. Thus, the 
experimental surface area per molecule was 0.37 nm2 (see Figure 1), while 
the obtained from our MM+ simulation was ca. 0.4 nm2, thus showing a 
good agreement. 
The polymerization of DA molecules in DA:OTCC and DA:SP mixed 
monolayers leads exclusively to the red polymer formation during our 
experiments. Accordingly, the aligned conformation of PDA is proposed to 
be associated with the red polymer. 
Proposed model for the PDA blue and red conformation. Bulk 
polymerization (3D polymerization) occurs exclusively along of the 
direction of a-axis (see Scheme 2a) and leads to the blue polymer from a 
primary reaction product.25,53 In this case, polymerization along the k-axis 
does not occur, highly likely due to a slower kinetics. We propose that the 
PDA blue and red forms are related to the conformations of the primary 
reaction product after 3D (along a-axes) and 2D (along k-axes) 
polymerization, respectively. The polymerization along a-axes is outlined in 
Scheme 3a. In such a case, and due to the spatial distribution of the alkyl 
chains, a conformation where the hydrogens of Cα atom are both in the same 
direction with respect to the conjugation plane is obtained (see Scheme 3d, 
left). The two hydrogen atoms of Cβ are also in the same direction and 
oppositely to the hydrogen atoms of the Cα (see Schemes 3a and 3d). Thus, 
a conformation where the conjugation plane is not coincident with the plane 
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formed by the alkyl chain (assuming all-trans conformation) is obtained. 
This conformation is named twisted conﬁguration (see Scheme 3b), where 
the twisted term indicates that there is not alignment between the alkyl 
chains and the conjugation plane. We propose that the twisted conformation 
should be associated with the blue polymer. Note, however, this assumption 
is a hypothesis which must be tested by further experimental results and 
theoretical models. 
This proposed model can explain the experimental observation of mixed 
homogeneous monolayers in which the DA polymerization leads to the red 
polymer, while on the other hand pure DA monolayers, and bulk phases 
(liposomes) and solid media the blue polymer is initially obtained as 
primary reaction product. However, this model, at least in its current 
development, it is not intended to explain in a general way the PDA 
red−blue phase transition. 
Schemes 3b and 3c show schematics for the PDA twisted and aligned 
forms, where the diﬀerent planes in which the alkyl chain and the 
conjugation plane have been explicitly drawn for clarity. The possible tilt of 
the alkyl chains is not considered, neither the rotation of the polymer chain. 
The diﬀerent polymer conformations may be identiﬁed based on the 
torsion angle, θ formed by the atoms C=C−Cα−Cα′ (see Scheme 3d). A 
similar angle, θβ, could be deﬁned with respect to atoms C=C−Cβ−Cβ′. Thus, 
for the aligned conformation θα = θβ ≈ 180°, while for the twisted, θα = θβ ≈ 
90°. A conformational study of these structures is presented below. When θα 
= θβ = 120° or θα = θβ =60° (see Scheme 3d), one of the hydrogen atoms of 
each Cα and Cβ is in the conjugated plane. 
Molecular Mechanics Study of the Aligned and Twisted Conformation. 
The blue−red color transition can be considered as a phase change process.11 
The phase change must be a collective phenomenon, in which the packing 
of the alkyl chains are expected to play an important role. 




In our computational simulation, polymer segments formed by nine 
monomeric units each are considered, with the following structure: 
H−[C(R1)=C(R2)−C≡C]8−C(R1)=C(R2)−H, where R1 = C8H17 and R2 C12H25 
(see Scheme 2c). The polymer segments have been built without 
considering the carbonyl group. The single point AM1 method has been 
used to assign the charge to these segments. The geometry of the eight 
polymer segments was optimized with the MM+ method (see Supporting 
Information). The torsion angles, θα = θβ, are identical for all C=C double 
bonds in the starting structures considered in this computational study. The 
calculations were performed for diﬀerent initial structures, involving the 
modiﬁcation of θα = θβ from 60° to 180° in 30° steps. 
Starting from conformations with θα = θβ =60°, θα = θβ =90°,or θα = θβ = 
120°, conformations with θα = θβ =82 ± 3° (twisted conformation) are 
obtained. Thus, the conformations with one of the hydrogen atoms of each 
Cα and Cβ in the conjugation plane are not stable. On the other hand, starting 
conformations with θα = θβ = 150° or θα = θβ = 180° result in ﬁnal 
conformations with θα = θβ = 175 ± 5° (aligned conformation). The aligned 
and twisted conformations appear as the most eﬃcient packing of the alkyl 
chains from the energy criteria. Both structures are stable given the 
interactions with the neighbour polymer segments. The interactions between 
the alkyl chains of the polymer segments are considered hydrophobic 
interactions, where the entropic factor is most relevant, similarly to the 
formation of micelles. This entropic eﬀect is expected to be similar for 
diﬀerent conformations. 
Scheme 4 shows two sketches for the twisted (Scheme 4a) and aligned 
(Scheme 4b) optimized conformations. Note only a fragment of the 
complete system whose geometry was optimized is depicted. The alkyl 
chains are mainly in all-trans conformation with a certain tilting in the ﬁnal 
conformation (see details in the Supporting Information).  
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The computational results indicate that clusters of PDA in twisted 
conformation are slightly more stable than in aligned conformation (see 
Supporting Information). However, the role of the polar group, which is not 
considered here, may be critical as well as changes in pH, temperature, or 
interactions with other groups. 
Computer simulations shows the separation between adjacent polymer 
chains of ∼0.44 and ∼0.37 nm in the twisted and the aligned conformations, 
respectively (see Scheme 4). That is consistent with previously obtained by 
GIXD at the air−water interface, 0.48 and 0.39 nm for blue and red polymer 
phase,53 at least qualitatively.  
Possible relationship between the aligned−twisted conformational 
change and the PDA color change. The conformational change from the 
twisted to the aligned arrangements of the PDA cannot explain the color 
change. The color change should therefore be related to the rotation of the 
conjugation plane.11,32,56 Within the aligned structure (Schemes 3 and 4), 
 
Scheme 4. (a) Twisted and (b) Aligned Conﬁguration Obtained for Some PDA Segments by Using MM+ (Hydrogen Atoms Are Not Shown for Simplicity).  




there are steric impediments between the conjugation plane and the Cα′ and 
Cβ′ of the alkyl chains (θα = θβ = 175 ± 5°; see Scheme 3). To relieve this 
conformational stress, the conjugate plane partly has to be rotated, thus 
reducing the conjugation extent (higher energy red polymer). On the other 
hand, in the twisted structure (θα = θβ =82 ± 3°), there is no steric hindrance 
and the conjugation plane is not rotated blue polymer (less energy band blue 
polymer). Note the rotation of the conjugation chain does not necessarily 
result in a disordered conﬁguration.11 
The rotation of the conjugation plane (polymer backbone) involves the 
rotation of the dihedral angle formed between nearby double bonds, 
C=C···C=C. Such rotation could occurs in the same direction, as described 
for the PDA:OTCC complex (see Scheme 2d), or alternating for successive 
double bonds.32 On the other hand, if such rotation is alternating for 
successive double bonds, an undulated shape is obtained.57 There is no steric 
hindrance for the twisted conﬁguration (see Scheme 3d). Given the rotation 
of the polymeric chain is provoked by the steric hindrance, we hypothesize 
that exclusively the aligned conﬁguration induces the rotation of the 
conjugation plane, while the twisted conﬁguration does not. 
The twisted vs aligned model proposed herein allows explaining why in 
mixed homogeneous monolayers the DA polymerization leads directly to 
the red polymer, while in pure DA monolayers or bulk phases (liposomes 
and solid media) the blue polymer is initially obtained. Furthermore, this 
model can explain other experimental results previously described for the 
blue−red PDA transition. 
As an illustrative example in bulk conditions, the exposure of PDA 
liposomes to alkylamines induced the change from blue to red color. The 
carbon chain length of alkylamine has been shown to be critical for inducing 
the color change response. This length must be larger than the alkyl side 
chain length of PDA in order to fully interact with the conjugated 
backbone.58 This behavior can be interpreted in terms of the inclusion of the 
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alkyl chain of the alkylamine inside the PDA supramolecular structure. 
Therefore, the alkyl chains from alkylamine molecules have to push the 
twisted conﬁguration, causing the phase transition toward the aligned 
conﬁguration. The aligned conﬁguration is more compatible with the 
straight conﬁguration of the alkyl chain (see Scheme 4). 
In a 2D geometry, for example in Langmuir monolayers, the change 
from blue to red color might be induced by applying surface pressure. 
Therein, the blue and red forms of PDA appear mostly at low and high 
surface pressures, respectively.59,60 The characteristic linear strand 
morphology of PDA ﬁlms can be explained as a direct result of the 
signiﬁcant decrease in spacing between adjacent polymer chains upon the 
transition from the blue to the red phase.53 This blue to red transition 
involves a decrease in the planar unit cell area; thus, a shorter spacing 
between the polymer backbones is displayed Additionally, a simultaneous 
displacement of the alkyl residues to a near-upright position takes place.53 
Our proposed mode agrees with the commented results, given the aligned 
conformation is more compact and elongated that the twisted form. We note 
that the structure of the aligned form of PDA accounts for two diﬀerent 
experimental results; ﬁrst, in the red polymer the conjugated chain has to be 
rotated,11 but second the alkyl chains of red PDA have been shown to be 
located almost perpendicular to the air/water interface plane by GIXD 
measurements.53 According to these experimental measurements, the 
polymer chain rotation degree has to be small. Therefore, the main factor 
deﬁning the supramolecular structure of the red polymer is the alignment 
between the three PDA regions, that is, the two sets of alkyl chains and the 
conjugation chain. This structural model agrees the structure obtained for 
the PDA:OTCC mixed monolayer. In this model the dihedral angle between 
consecutive double bonds, C=C···C=C, is 176 ± 2°; i.e., the rotation 
between consecutive monomeric units is only ca. 4°. 




The diacetylene polymerization has been shown to take place through a 
2D mechanism (along the axis k, see Scheme 2a) with DA molecules 
adsorbed on graphite.54,55 In the case of the mixed ﬁlm, the aligned structure 
is stabilized by interactions with the alkyl chains of PDA with the OTCC 
saturated alky chains. The DA groups remain above the polar headgroup or 
the OTCC molecules and therefore between the two alky chains of this 
molecule. Note that in both cases the 3D polymerization is prohibited, either 
by conﬁning the DA group on the surface of graphite or by the intercalation 
of the DA groups between the saturated alkyl chains of OTCC. For these 
cases, 2D polymerization of DA takes place. 
The structural model is proposed as a simpliﬁed model, no providing 
explanation for other responsiveness of PDA, such as the eﬀect of 
temperature, pH, or the speciﬁcation of a chemical agent. We propose that 
the aligned conformation must be associated with the red polymer, yet we 
cannot state that red color is exclusive for this conformation. The red color 
appear in systems where the alkyl chains are well organized53 but also 
appears in systems where the alkyl chains are disordered.11 On the other 
hand, the blue color it is exclusive of the twisted conformation (θα = θβ =82 
± 3°), given the absence of the steric hindrance and therefore the absence of 
the rotation of the polymer chain. 
 
4.4. Conclusions 
The DA:OTCC mixed Langmuir monolayer has been characterized by in 
situ experimental measurements as well as computational studies before and 
after polymerization of the DA molecules into PDA. Star-shaped domains 
with 6−10 tips have been observed by BAM. These domains display 
anisotropy, which is indicative of the existence of the ordered structures. 
The UV−vis reﬂection spectra of the DA:OTCC monolayer shows H-
aggregation of the OTCC polar group, in contrary to the J-aggregation 
observed for pure OTCC Langmuir monolayers. Therefore, the DA 
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molecules are located above the polar headgroup of OTCC molecules, not 
occupying an eﬀective area at the air/water interface. 
The polymerization of DA into PDA has been induced by irradiating the 
monolayer with UV light at the air/water interface. This DA polymerization 
takes place quite diﬀerently in the DA:OTCC mixed monolayer, where only 
the red polymer (absorption at ca. 520 nm) has been formed. On the other 
hand, the polymerization of a pure DA monolayer leads to the blue form of 
the polymer (absorption at ca. 650 nm). This diﬀerent behavior is ascribed 
to geometric diﬀerences during the polymerization process. 
A structural model considering the geometrical features of the 
DA:OTCC mixed monolayer is proposed: the PDA polymer might adopt 
two diﬀerent conformations at the air/water interface. First, the aligned 
conformation, where the alkyl chains are located in the same plane as the 
conjugation plane. This conformation is related to the red form of the 
polymer. Alternatively, the PDA polymer can adopt the twisted 
conformation, in which the conjugation plane is not coincident with the 
planes formed by the alkyl chain. This conformation is related to the blue 
form of the polymer (twisted conformation, see Scheme 3b).  
Therefore, we propose that the PDA blue−red transition could be related 
with the twisted to aligned conformational change. The color change must 
be assigned to the rotation of the conjugation plane in the aligned structure 
because in this structure there are steric impediments between the 
conjugation plane and the Cα′ and Cβ′ of the alkyl chains. On the other hand, 
in the twisted structure (θα = θβ =82 ± 3°), there is no steric hindrance and 
the conjugation plane is not rotated. In summary, a structural model with 
molecular detail accounting for the two colors of the PDA, i.e., blue and red, 
has been developed according to ours and previous experimental evidence. 
This structural model accounts not only for the preferential formation of a 
given form but also for the conversion between the two diﬀerent forms as a 
relevant process for PDA application in sensing. We hope this structural 




model stimulates further experimental and computational research on the 
detailed relation of the supramolecular structure with the observed color of 
PDA.  
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4.5. Supporting Information 
 
Figure S1. Cyclic π−A isotherms of DA monolayer.  
 
Figure S2. BAM images of the pure DA Langmuir monolayers during the compression and decompression process.  






Figure S4. BAM images of the pure OTCC Langmuir monolayers acquired at different values surface pressure, as indicated in the Figure.  
 
Figure S3. Cyclic π−A isotherms of DA:OTCC = 1:1 monolayer.  
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Figure S5.  BAM images of the mixed DA:OTCC mixed Langmuir monolayer prior to the polymerization. The BAM pictures have been recorded on the same region of the air/water interface while changing the polarizer from 0° to 90°. The circles highlight common points that allow identifying the different regions.  
 Figure S6. BAM images of the DA:OTCC mixed Langmuir monolayer after the polymerization. The BAM pictures have been recorded at the same region of the air/water interface while changing the polarizer from 60° to 30°. The circles highlight common points that allow identifying the different regions.  





Molecular Mechanics Study of the PDA:OTCC system. A single 
polymer chain segment consisting of six DA- monomers was built 
(C152H254O12, see Figure S5) for studying the PDA:OTCC mixed monolayer. 
The polymer segment was built in the aligned conformation, θ = θ = 180º, 
where θ is the torsion angle formed by the following atoms; C═C−C─C' 
θ is defined with respect to atoms C═C−C─C' (see Figure S8). The six 
carboxylic groups are dissociated (total charge of -6). Length and bond 
angles were introduced using the HyperChem Model Build database. Alkyl 
chains, R1 and R2 (see Figure S8), were arranged in all-trans configuration. 
The charge distribution was assigned using the AM1 semiempirical method. 
A similar procedure was performed for the modeling of the OTCC+ 
molecule.  
A set of six OTCC molecules were positioned parallel with an 
intermolecular distance of ca. 0.4 nm approximately using a H-
 Figure S7. Figure S7: Normalized UV-vis reflection spectra of the pure OTCC Langmuir monolayer at different surface areas, as indicated within the Figure.  
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configuration. The PDA polymer segment was placed between the OTCC 
alkyl chains. Figure S9a shows two views (top and side) of the complex 
initial structure before geometry optimization. 
 After building the mentioned model, the PDA:OTCC complex geometry 
was optimized by MM+. Other structures with lower energy were checked 
by performing three runs of molecular dynamics simulations. Each run 
consisted of heating the structure to 400 K, running a molecular dynamics 
simulation for 5 ps, and then annealing to 0 K. Finally, the resulting 
structure was again optimized by using MM+ (RMS gradient 
0.001kcal/Å×mol). Figure S9b shows two views (top and side) of the 
complex final structure after geometrical optimization. The geometry 
optimization procedure was repeated 4 times, starting from slightly different 
starting positions. No significant differences in the final structures were 
observed.  
The optimized complex structure displays angle values of θ = 175º±2º, 
and θ = 178º±2º. Additionally, a certain degree of rotation is observed in 
the polymer conjugation plane (see Figure S9). Such rotation can be 
analyzed, taking into account the torsion angle formed between consecutive 
double C = C (see section 8, Supporting Information). Thus, we obtain that 
 
Figure S8. Composition of the polymer segment for the study of the mixed PDA:OTCC mixed Langmuir monolayer.  




the dihedral angle between consecutive double bonds, C=C···C=C, is 176 ° 
± 2 °. In addition, such rotation is always in the same direction leading to a 
helical structure (worm-like chain). In the complex final structure, the total 
rotation of the conjugation plane is ca. 24°. However, the PDA alkyl chains 
are partially tilted for compensating such rotation, retaining an aligned final 
structure between the alkyl chains and the polymer chain. 
 
Figure S9. a) Top and side perspectives of the PDA:OTCC initial structure before the geometry optimization. b) Top and side perspectives of the complex final structure after the geometry optimization. The PDA alkyl chains are represented by violet and blue color, and the conjugation plane is represented by gray color. 
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The OTCC polar group is partially twisted to minimize their interaction 
energy with the carboxylic group, reducing its length from 1.94 to 1.83 nm 
(see Figure S9). The total area occupied by the polar group for this structure 
is ca. 4.8 nm2. The average spacing between DA or OTCC units is 2.62/5 = 
0.52 nm. Taking into account that there are 18 alkyl chains per complex 
unit, an area of ca. 0.27 nm2 per alkyl chain is obtained. This area is close to 
the experimental value obtained from the isotherm, ca. 0.25 nm2 per alkyl 
chain.  
  As a reference, the structure of the DA:OTCC system without 
polymerization is studied. First, the DA:OTCC pair was optimized as 
described in manuscript (see Scheme 1g for the optimized structure). Next, 
six DA:OTCC pairs were positioned parallel with an intermolecular 
distance of ca. 0.5 nm using a H-configuration. After building the 
mentioned model, the DA:OTCC complex geometry was again optimized. 
The optimized complex structure is show in Figure S10. The average 
spacing between DA or OTCC units is ca. 0.54 nm. 
 
Figure S10. a) side, b)  top and c) frontal perspectives of the DA:OTCC complex structure after the geometry optimization. The DA alkyl chains are represented by violet and blue color. Diacetyle group is represented by gray 




PDA Molecular Mechanics Study. The polymer segments, designated 
by P, were built with a composition of P = C214H380 (corresponding to nine 
monomeric units, see Figure S11). For simplicity, the polymer segments 
have been built without the carbonyl group. Length and bond angles were 
assigned using the HyperChem Model Build database. Alkyl chains, R1 and 
R2 (see Figure S11), were arranged in all-trans configuration.   
The different polymer conformations may be identified by the torsion 
angles θ and θ. Thus, θ, is the torsion angle formed by the atoms; 
C═C─C─C', (see Figure S12), and θ, is defined respect to atoms 
C═C─C─C'. For the initial structures of the polymer segments P, the 
same θ and θ values were fixed for every C=C double bonds. 
Five different initial structures of P, were built, varying θ = θ from 60º 
to 180° in steps of 30° (see Figure S12a-e). Thus, for the aligned 
conformation θ = θ = 180º (see Figure 12e), while for the twisted, θ = θ 
= 90º (see Figure 12b).  Once built, the charge values were introduced via 
the semi empirical AM1 method (single point) for the P polymer segments 
once they were built into the desired conformation. Figure S10 (lower left) 
shows one of these segments for the aligned configuration.  
 
Figure S11: Composition of the polymer segment, P, used for the study of the PDA system.  
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  Clusters of eight P polymer segments are positioned parallel and 
separated ca.0.4 nm, then proceeding to the geometric optimization using 
the molecular mechanics MM+ method including no cut-offs. The Polak-
Robiere method was used for minimizing the energy. The convergence 
criteria was 0.001 kcal/(Å·mol). For each initial conformation, all the 
optimization process was repeated four times; small displacements of the 
initial position and relative distance of the polymers segments were 
included.   
Starting conformations have angle values of θ = θ = 60º, θ = θ = 90º, 
or θ = θ = 120°. The geometric optimization led to conformations with θ 
= θ = 82º ±3º (twisted conformation), indicating that the conformations that 
depart from placing hydrogens in the conjugation plane (60º or 120º) are not 
stable. On the other hand, starting from a conformation in which θ = θ = 
150º or θ = θ = 180° led to a final conformation displaying θ = θ = 175º 
±5º (aligned conformation). For the next step, each optimized structure was 
subjected to four runs of the molecular dynamics simulations to search for 
the possible existence of other structures with lower energy. Each run 
includes: heating the structure to 300 K, running molecular dynamics 
simulations for 4 ps, and finally annealing to 0 K. After each molecular 
 
Figure S12. Definition of the torsion angles formed by the atoms; C═C─C─C', (θa,), and C═C─C─C' (θ). Different initial structures of P involving the modification of θ = θ from 60º to 180° in 30° steps (a-e).  




dynamics simulation the structure was again optimized by using MM+. In 
all cases, after this geometry optimization, the structures obtained retained 
the starting aligned or twisted conformations, therefore no structures with 
lower energy were found.  
 Significant results of the different calculations are shown in table S1. 
The aligned and twisted conformations seem to represent energy minima 
and therefore the most efficient packing of the alkyl chains.   
In Figures 13a-c three different perspectives (front, side and top) of one 
of the starting structures (twisted before optimization) are shown. Figures 
13d-f show similar views for the structure obtained after the geometry 
optimization. Figure S14 shows the structure for aligned conformation 
before the geometric optimization (Fig. S14a-c) and after the optimization 
(Fig. S14d-f). 
Note the alkyl chains are mainly in all-trans conformation for the 
optimized conformations, although the chains are partially tilted (see 
Figures S13d-f and S14d-f). Thus, for the aligned conformation the short 
alkyl chains is tilted 6º, while the long alkyl chain is tilted 8º. Both chains 
  Aligned Twisted 
θα and θβ average values  175º ± 5º 82º ± 3º 
Alkyl tilt angle (short chain) (*)  6º ± 3º 28º ± 10º 
Alkyl tilt angle (long chain) (*)  8º ±3º 11º ± 4º 
P Energy (PDA segment) (kcal/mol)  32 ± 4 -2 ± 1 
P4-P5 energy enteraction (kcal/mol)  -284 -257 
Total energy for the 8 P segment (kcal/mol)  -1849 -1927 
Table S1: Significant computacional results of the aligned and twisted conformations. (*) We define the alkyl chain tilt relative to the alkyl chain fully upright (all-trans) in the aligned configuration. 
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are tilted toward the polymer chain, see Table S1 and Figure S14F. Lifshitz 
et al. (reference 53 in the manuscript) described the alkyl chains slightly 
inclined with respect to the air‒water interface in the case of the red 
polymer. Thus, the carboxylate-terminated R1  alkyl chains is tilted 3.5º 
toward the polymer chain, while the alkyl R2 chain is tilted 5º toward the 
neighbor polymer backbone direction, implying that both chains are not 
located exactly on the same plane.  
On the other hand, for the twisted conformation, the short alkyl chain is 
tilted 11º, while the long alkyl chain is tilted 28º, with both chains tilted 
toward the neighbor polymer backbone direction, see Table S1 and Figure 
S13F. Lifshitz et al. described the alkyl chains with a tilting of 18º and 39º, 
both toward the neighbor polymer backbone direction, in the case of the 
blue polymer.  
 
Figure S13: Different perspectives (front, side and top) of one of the twisted starting structures; a-c) before, and d-e) after the geometrical optimization. The alkyl chains are represented by cyan while the conjugation plane is represented by gray color.  




We ascribe the differences between our calculated data and the 
experimental data from Lifshitz et al. to three possible reasons; (a) The 
experimental data correspond to the formation of a three-layer, whereas we 
simulate a single layer. (b) Our model uses the DA monomer units without 
carboxylic groups, in order to simplify the calculations. The absence of this 
group as well as the water subphase, can modify the interactions near the 
polar group, thus leading to a different result. (c) Because the aqueous phase 
is not simulated, we do not have an air‒water interface to define the alkyl 
chain inclination angle. In this way, we defined the alkyl chain tilt angle 
relative to the alkyl chain fully upright (all-trans) in the aligned 
configuration. 
Small differences in the energies of the different optimized structures for 
the same final conformation were found. These differences arise from the 
asymmetric interactions of the external polymer segments. The average 
energy per P polymer segment is provided in Table S1. This energy value is 
 
Figure S14: Different perspectives (front, side and top) of one of the aligned starting structures; a-c) before, and d-e) after the geometrical optimization. The alkyl chains are represented by cyan while the conjugation plane is represented by gray color.  
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obtained by isolating individual polymer segments after of energy 
optimization, and then calculating its energy (single point) in the absence of 
other polymer segments. The energy of the P polymer segment in the 
twisted conformation, is ca. 34 kcal/mol more stable than for the aligned 
conformation. 
Table S1 additionally provides the interaction energy between two 
polymer segments (dimer). We selected the central polymer segments of the 
cluster, designated by P4 and P5 in Figure S13 and S14. This energy is 
obtained by isolating these polymer segments from the optimized structure, 
determining their energy (single point), and subtracting the obtained energy 
from the energy of the isolated segments. Note the attraction energy 
between aligned polymer segments is higher than in the twisted 
conformation (ca. 27 kcal/mol). 
Our calculations show that the aligned and twisted structures are stable 
only as a result of interactions with adjacent polymer segments. Polymer 
segments in the aligned conformation are less stable than those of the 
twisted conformation. However, the energy of interaction between segments 
in the aligned conformation is stronger than in the twisted. This interaction 
between the different segments might almost compensate the energy 
difference, so that these two structures have similar energy minimum. In our 
reasoning has not been taken into account possible entropic effects. The 
interactions between polymer segments can be classified as hydrophobic 
interactions where in the water presence, the entropic factor plays a 
fundamental role, for example as in the micelle formation. This effect 
should be similar for both conformations and therefore does not modify the 
conclusion of our model. 
Our results indicate that PDA clusters in twisted conformation are 
slightly more stable than in aligned conformation. However, probably 
increasing the size of the polymer segment considered, or increasing the 
number of segments in the cluster, the stability ratio could be altered. At this 




point, the role of the polar group, not considered here, may be critical as 
well as changes in pH, temperature or interactions with other groups. 
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Mixed Langmuir monolayers of 10,12-Pentacosadiynoic acid (DA) and 
amphiphilic hemicyanine (HSP) have been fabricated at the air−water 
interface. The mixed monolayer has been proved to be completely 
homogeneous. The DA molecules are arranged in a single monolayer within 
the mixed Langmuir monolayer, as opposed to the typical trilayer 
architecture for the pure DA film. Brewster angle microscopy has been used 
to reveal the mesoscopic structure of the mixed Langmuir monolayer. 
Flower shape domains with internal anisotropy due the ordered alignment of 
hemicyanine groups have been observed. Given the absorption features of 
the hemicyanine groups at the wavelength used in the BAM experiments, 
the enhancement of reflection provoked by the absorption process leads to 
the observed anisotropy. The ordering of such groups is promoted by their 
strong self-aggregation tendency. Under UV irradiation at the air−water 
interface, polydiacetylene (PDA) has been fabricated. In spite a significant 
increase in the domains reflectivity has been observed owing to the 
modification in the mentioned enhanced reflection, the texture of the 
domains remains equal. The PDA polymer chain therefore grows in the 
same direction in which the HSP molecules are aligned. This study is 
expected to enrich the understanding and design of fabrication of PDA at 
interfaces. 
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5.1. Introduction 
Polydiacetylenes (PDA) can be used as sensor due to their outstanding 
colorimetric and ﬂuorescence dual detection capability.1–3 Yoon et al. 
designed a highly efficient colorimetric sensor based on PDA for sensing 
carbon dioxide, with much noticeable color change.4 Counterfeit signatures 
can be stamped on tickets using PDA, being temperature sensing.5,6 
Well-ordered DA monomers either in bulk conditions or at interfaces can 
be photopolymerized onto PDA by UV irradiation.7–9 Note that DA 
polymerization only occurs when the DA monomers are arranged in a 
highly ordered state, requiring an optimal packing of the DA units to allow 
propagation of the linear chain polymerization through the ordered phase. 
The polymeric backbone formed is composed of alternating double and 
triple bonds, which absorbing light at approximately 650 nm gives a blue 
appearance.10 This is the so-called “blue” form of PDA. However, if the 
effective conjugation length is reduced by the strain and torsion imposed 
onto the backbone, the absorption maximum is shifted to about 550 nm, and 
a bright red color is obtained. This latter case is the so-called “red” form of 
PDA. The backbone rotation can be induced by different stimuli: exposure 
to heat,11,12 presence of organic solvents,13 pH and salt variations,14 
mechanical stress,15 electric current.16,17 For biosensors this rotation is 
induced by the specific surface ligand-receptor interaction.18,19 Previous 
reports suggest that the release of side-chain strain taking place upon 
stimulation causes rotation about the C-C bonds in PDA backbone. This 
conformational change modifies the conjugation degree of the array of -
orbitals, leading to a change in the chromophore group responsible for the 
electronic transition and ultimately being responsible for the color change 
that can be observed by naked eye.20 The process of DA polymerization is 
therefore quite sensitive to the environmental physicochemical conditions.21 
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Concerning the polymerization of DA at air/liquid interfaces, Lifshitz et 
al. reported on Langmuir monolayers of pentacosadiynoic acid that render 
the blue and red phases at 0.24 nm2 and 0.19 nm2 per molecule, 
respectively.22 These results confirm the topochemical control of the DA 
polymerization, i.e., initial atom positions determine the obtained PDA 
form.23 We have described the mixed Langmuir monolayer formed by 
10,12-Pentacosadiynoic acid (DA) and an amphiphilic cationic hemicyanine 
(SP).24 Herein, the mixed Langmuir monolayer of DA and the cationic 4-
[(4-hydroxy)styryl]-1-docosylpyridinium surfactant (HSP) has been studied. 
Both the DA:HSP and the DA:SP are homogeneous Langmuir monolayers. 
The red polymer form is exclusively obtained in both cases. Note that SP 
and HSP molecules differ only in the terminal dimethylamino group of SP, 
which is replaced by an OH group in the HSP. Despite this small chemical 
modification, a significant difference in the behavior of DA:SP and 
DA:HSP monolayers at the mesoscopic level has been obtained. 
Brewster angle microscopy (BAM) has been typically used to monitor 
the formation and evolution of such mesoscopic domains at the air−water 
interface occurring in Langmuir monolayers with small surface area, strong 
hydration, and non-absorption. Indeed, BAM is a powerful technique with a 
vast range of applications. Fanani et al. elegantly employed BAM for the 
study of biomolecules at the air−water interface, including ceramides.25–27 
and drug derivatives.28 An alternative focus allowed Caseli et al. to obtain 
relevant insights in the structure of monolayers concerned with 
optoelectronic devices.29–32 Porphyrin derivatives incorporated onto 
Langmuir monolayers have been also studied by BAM.33–35 On the other 
hand, BAM technique has been used by our group focusing in Langmuir 
monolayers with polar head groups absorbing radiation in the wavelength 
value of the laser used for acquiring the BAM pictures.36,37 Note this case of 
Langmuir monolayers including chromophores observed by BAM is 
remarkable; given molecules absorb the incoming visible radiation enhance 
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the reflection of such radiation, the observed BAM images of domains are 
mainly determined by these chromophore molecules. A theoretical 
framework for this non-standard usage of BAM is established in a recent 
review.38 We basically take advantage of the phenomenon of reflection-
absorption. The very same phenomenon is used in other optical techniques 
for studying the air/liquid interface, for example the IR reflection-absorption 
spectroscopy (IRRAS).39,40 
Therefore, BAM has been used to study the DA:HSP monolayer. For the 
previously studied DA:SP monolayer, small domains without anisotropy 
were observed, showing elastic properties when the monolayer was 
decompressed. On the other hand, in the case of the present DA:HSP mixed 
monolayer, the domains formed larger, showing internal anisotropy, and 
being rigid. The study of this phenomenon, allows the direct observation on 
a specific domain, the DA polymerization direction, and whether this 
direction is parallel at the HSP aggregation axis. 
 
5.2. Experimental section 
Materials: 10,12-Pentacosadiynoic acid (DA) was purchased from ABCR 
(Germany) and purified according to the method described elsewhere,41 that 
is, the diacetylene monomer was dissolved in chloroform and filtered 
through a 0.45 m nylon filter. Purified powder was obtained by 
evaporation of the solvent. 
Hemicyanine dye, 4-[(4-hydroxy)styryl]-1-docosylpyridinium bromide 
(HSP) were purchased from Sigma-Aldrich and used as received. Their 
molecular structures are depicted inset in Figure 1. 
The initial solutions for each component were prepared as well in 
chloroform. A mixture of thrichloromethane and methanol, ratio 3:1 (v/v) 
was used as cospreading solvent. The pure solvents were obtained without 
purification from Aldrich (Germany). Ultrapure water, produced by a 
Millipore Milli-Q unit, pre-treated by a Millipore reverse osmosis system 
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(>18.2 M cm), was used as a subphase. The subphase temperature was 21 
ºC with pH 5.7. 
Surface pressure–area isotherms of Langmuir films, reflection 
spectroscopy and BAM imaging. Two different models of Nima troughs 
(Nima Technology, Coventry, England) were used in this work, both 
provided with a Wilhelmy type dynamometric system using a strip of filter 
paper: a NIMA 611D with one moving barrier for the measurement of the 
reflection spectra, and a NIMA 601, equipped with two symmetrical barriers 
to record BAM images. The monolayers were compressed at a speed of 0.03 
nm2 min─1 molecule─1. 
For the UV irradiation a UV lamp ( = 254 nm, W = 10 W) was 
mounted on top the trough keeping a distance of ca. 5 cm from the 
cospreading mixed film prepared at the air−water interface. 
UV–visible reflection spectra at normal incidence as the difference in 
reflectivity (∆R) of the dye film-covered water surface and the bare 
surface42 were obtained with a Nanofilm Surface Analysis Spectrometer 
(Ref SPEC2, supplied by Accurion GmbH, Göttingen, Germany). The 
reflection spectra were normalized to the same surface density of 
hemicyanine by multiplying ∆R by the surface area, i.e., ∆Rnorm = ∆R·A, 
where A (nm2/molecule) is taken from the surface pressure-area (π-A) 
isotherms. 
Images of the film morphology were obtained by Brewster angle 
microscopy (BAM) with a I-Elli2000 (Accurion GmbH) using a Nd:YAG 
diode laser with wavelength 532 nm and 50 mW, which can be recorded 
with a lateral resolution of 2 μm. The image processing procedure included 
a geometrical correction of the image, as well as a filtering operation to 
reduce interference fringes and noise. The microscope and the film balance 
were located on a table with vibration isolation (antivibration system MOD-
2 S, Accurion, Göttingen, Germany) in a large class 100 clean room. 
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5.3. Results and Discussion  
Surface Pressure (π)–Area (A) Isotherms. Langmuir monolayers of 
DA:HSP have been prepared at the air−water interface by the cospreading 
method, i.e., the spreading solution already contains both components, DA 
and HSP molecules in equimolar ratio. The surface pressure−area (πA) 
isotherm of the DA:HSP mixed monolayer is shown in Figure 1 (red line), 
as well as the pure components DA (solid black line) and HSP (dark green 
line). The complete surface pressure−area isotherms are shown in Figure S1 
(see Supporting Information). The take-off of the surface pressure occurs at 
ca. 0.81 nm2 per molecule, with a phase transition at ca. 0.54 nm2 per 
molecule beginning with an overshoot for the DA:HSP monolayer. For the 
HSP monolayer the take-off of the isotherm occurs at ca. 1.02 
nm2/molecule.  
 Figure 1. Surface pressure−area (−A) isotherms of DA (first compression: black line, and second compression: black dashed line), HSP (green line), and DA:HSP mixed monolayer (first compression: red line, and second compression: blue line). Inset: Molecular structures of DA, HSP and SP from left to right, respectively.   
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The DA Langmuir monolayer collapses at area values below 0.25 
nm2/molecule (Figure 1, black line), forming a trilayer.43,44 Cyclical 
isotherms of the pure DA monolayer show a large hysteresis (see Figure 1, 
dashed black line), indicating that the collapse (trilayer formation) is an 
irreversible process. On the other hand, the DA:HSP mixed monolayer do 
not show hysteresis along successive compression−expansion cycles (see 
Figure 1, blue line), suggesting that there is no trilayer formation.24  
The absence of hysteresis additionally gives valuable information on the 
miscibility of the mixed DA:HSP Langmuir monolayer. In case of 
segregation of the DA and HSP components, the collapse of the segregated 
DA molecules would lead to a significant modification due to the trilayer 
formation at surface pressures larger than 15 mN/m, and therefore, a clear 
hysteresis would be observed. However, no hysteresis is found for the 
DA:HSP mixed Langmuir monolayer. We then conclude that no segregation 
of components takes place.  
The overshoot existence in the -A isotherms of mixed monolayer has 
been interpreted as indicative of complete miscibility of the components.45 
This overshoot observed at the beginning of some phase transitions of 
mixed monolayers, is related to a critical surface pressure of the nuclei 
formation larger than the surface pressure of the nuclei formation larger 
than the surface pressure necessary for nuclei continue to grow. The small 
surface pressure necessary for growing nucleus in these cases is relates to a 
strong attractive interaction between the components of the mixed 
monolayer, in which the incorporation of free molecules in the already 
formed nuclei is enhanced.45 The DA:HSP mixed Langmuir monolayer is 
principally sustained by ionic pair formation between the molecules with 
opposite charge; the anionic DA and the cationic HSP.  
IR spectra of the LB films of the mixed DA:HSP monolayer before and 
after polymerization are shown in Figure S2. Two intense bands at 1574cm-1 
and 1462 cm-1 can be observed, related to the asymmetric and symmetric 
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modes of the COO- group, respectively. No bands in the 1740-1680 cm-1 
region are observed, where the carbonyl stretching of protonated carboxyl 
acid group should be observed. The absence of such bands shows that the 
carboxyl group is completely dissociated, in agreement with the formation 
of ion pair between DA and HSP molecules.  
For a surface pressure of π = 30 mN/m, the surface area per pure DA and 
HSP monolayer are 0.1 nm2/molecule and 0.42 nm2/molecule, respectively. 
For a surface pressure of 30 mN/m applied to the mixed DA:HSP 
monolayer, the average surface area value per molecule is 0.31 nm2, see 
Figure 1. On the other hand, at the same surface pressure of 30 mN/m in the 
pure DA and HSP monolayers, the available surface area values are 0.08 
nm2 per DA molecule and 0.42 nm2 per HSP molecule. Thus, for an ideal 
equimolar mixed film, the average area per molecule should be 
(0.08+0.42)/2 = 0.25 nm2 per average molecule. However, we find 
experimentally the value of average area per molecule is 0.31 nm2, ensuring 
that no trilayer is formed. We therefore conclude that the similarity in the 
shape of the pure DA and DA:HSP isotherms is purely circumstantial. The 
peak (overshoot) observed in the mixed DA:HSP Langmuir monolayer is 
due to a phenomenon indicating a strong interaction between the DA and 
HSP molecules.45  
DA could be polymerized in situ at the air−water interface by applying 
UV light. The DA polymerization does not occur if the monolayer is 
irradiated at a surface pressure below the phase change. Polymerization has 
been studied at different constants surface pressures (20, 30 and 40 mN/m). 
Figure S3 (see Supporting Information) shows a polymerization example 
performed at 20 mN/m. Throughout the irradiation time, the surface area is 
barely modified. 
Brewster Angle Microscopy (BAM). The morphology of the DA:HSP 
mixed Langmuir monolayer has been observed in situ by BAM, see Figure 
2. BAM images of the DA:HSP monolayer do not show the typical dendritic 
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structure observed for pure DA Langmuir monolayer, see Figure S4. Neither 
dark regions observed for the pure HSP Langmuir monolayers are either 
observed, see Figure S5. The absence of these mesoscopic structures 
corresponding to segregated components of the mixed monolayer is an 
evidence of the complete miscibility of the components. 
 Netlike structures are observed before the isotherm take off, suggesting 
a transition from gas phase (or liquid expanded) to liquid condensed phase. 
Once the isotherm take off is reached, the mixed monolayer DA:HSP 
became homogeneous, indicating the complete miscibility of the 
components. The homogeneity remains until the overshoot is reached, see 
Figure 2b.  
Small bright domains appear after the overshoot, see Figure 2c. Under a 
further application of surface pressure, these domains grow in size, see 
 Figure 2. BAM images of the mixed Langmuir monolayer DA:HSP (a)-(e) along the compression process before the polymerization. (f) After 8 minutes of polymerization at  = 30 mN/m. (g) Expansion after the polymerization. (k) Some examples of domains textures and shapes. 
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Figure 2d and e. Domains display a flower-like shape with petals or planes 
with different brightness, yet the inside of each plane the reflectivity is 
constant. The perimeter of the domains is not monodisperse concerning 
shape and texture, but in all domains a variable number of petals seem to 
emerge from a central point. These flowers-shaped domains are related to 
the phase transition observed in the isotherm. The domains disappear after 
monolayer decompression. A second compression cycle leads again to the 
flowers-shaped domains as for the previous compression process. Figure 2f 
shows a BAM image at π = 30 mN/m, after the UV irradiation during 8 
minutes. The application of UV radiation to the DA:HSP monolayer causes 
an increase in brightness (reflectivity increased) in some monolayer regions, 
while darkening in other monolayer regions takes place. This phenomenon 
is related to the PDA formation, as analyzed below. 
The DA:HSP mixed monolayer was expanded after the polymerization, 
see Figure 2g. In addition to dark regions (ascribed to gas phase or bare 
water surface), quite similar structures to those observed in Figure 2f are 
maintained. The domains observed after decompression (Figure 2g); retain 
their shape and size, indicating a large rigidity. Figure 2g shows that 
polymerization take place exclusively inside the domains. Figure 2k shows 
some examples of the domains shape and texture observed along different 
experiments. 
The domains observed by BAM with the first compression of a pure DA 
Langmuir monolayer do not disappear completely during the decompression 
process, see Figure S4c. This persistence on the domain presence should be 
related with the large hysteresis of the isotherm, as well as with the 
irreversible collapse. On the contrary, the domains disappear after 
decompression in the case of the DA:HSP mixed monolayer. This different 
behavior also suggests again that segregation does not take place. 
UV-vis Reflection spectroscopy at the air−water interface. UV−vis 
reflection spectroscopy at the air−water interface is sensitive exclusively to 
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those molecules located at the interface. This technique provides valuable 
information on the organization, density and orientation of the chromophore 
molecules located at the air/liquid interface.42 For low values of absorption, 
and under normal incidence, the reflection, ∆R, has been shown to be 
proportional to the surface concentration of the chromophore. The reflection 
spectra is usually represented as ∆R×A = ∆Rnorm, magnitude which 
represents the reflection normalized to the molecular surface density. ∆Rnorm 
remains constant throughout the compression process if any changes in the 
chromophore orientation or aggregation phenomena happen showing the 
changes of orientation and/or association of the chromophore.46 
The bulk solution UV−vis absorption spectrum of HSP in bulk solution 
shows bands at 413 nm (dotted line in Figure 3A). The UV−vis normalized 
reflection spectra of the DA:HSP mixed monolayer before polymerization is 
shown in Figure 3A. At low surface pressures (A = 0.98 nm2 and π ≈ 0 
 
Scheme 1. (A) Sketch of the HSP aggregation model within the DA:HSP mixed monolayer. The red arrow represent the transition dipole and the dark green line its projection on the x-plane. (B) PDA chain grows in the same direction in which the HSP molecules are aggregates (k axis). 
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mN/m), the spectrum shows an intense band centered at 397 nm. As the 
surface pressure increases, Rnorm decreases and the maximum wavelength 
of the band shifts from 397 nm to 404 nm. The decreasing of Rnorm could 
be related to the decreasing of the tilt angle of the hemicyanine group (θ in 
Scheme 1A).36  
Keeping a constant surface pressure of π = 20 mN/m, the DA:HSP 
monolayer was irradiated with UV light and the UV−vis reflection spectra 
were recorded as a function of time (Figure 3B). As the time irradiation 
increases, the reflection signal increases and a new peak at 520 nm and a 
shoulder at 490 nm appear. These peaks shall be related to the formation of 
PDA polymer at the air−water interface. The increase of the UV−vis 
reflection signal is related to the origin of the increased brightness in the 
domains observed in BAM (see Figure 2f, note that laser-BAM = 532 nm). 
After an irradiation time of 8 minutes, the UV−vis reflection signal reaches 
a plateau value, probably indicating the end point of the polymerization 
process. The UV−vis reflection measurement shows a clear decrease of the 
hemicyanine band, being related to a further decrease of the tilt angle of the 
hemicyanine group. 
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Polymerizing pure DA monolayers initially leads to the formation of the 
blue form of the polymer, with the main absorption band at 650 nm. 
Prolonged application of UV radiation,47 or monolayer decompression,48 
turns the blue polymer into the red polymer form (max = 550 nm). 
However, this behavior has not been observed in the mixed PDA:SP 
monolayer, where a polymer with absorption band at 520 nm has been 
formed. The stability of polymerized system has been also followed by 
UV−vis reflection spectroscopy. The PDA:HSP monolayer was subjected to 
decompression followed by subsequent compression (see Figure S6). The 
UV−vis reflection spectra are coincident with those obtained during the first 
compression cycle, indicating that the polymer and the hemicyanine group 
do not change its orientations with respect to the air−water interface. This 
behavior differs with that observed in the PDA:SP monolayer, where the 
hemicyanine group change its tilt during the decompression process.24 
Again, this behavior suggests that the domains formed in the case of the 
mixed PDA:HSP film are more rigid than in the case of the PDA:SP mixed 
film. 
 
Figure 3. (A) Normalized UV−vis reflection spectra of the mixed Langmuir monolayer DA:HSP at different surface areas. The dotted line corresponds to the solution spectrum (a. u.). (B) Normalized reflection spectra of the mixed film, at π = 20 mN/m, as a function of the UV irradiation time. 
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The UV−vis reflection spectra provide further evidence of the complete 
miscibility of the DA and HSP molecules, as well as the absence of 
segregation by compressing and polymerizing the mixed DA:HSP Langmuir 
monolayer. The UV−vis reflection spectra of the pure HSP monolayer show 
a peak at ca. 390 nm, see Figure S7. The position of this peak does not shift 
with the compression of the monolayer. On the other hand, the behavior of 
the mixed DA:HSP Langmuir monolayer is completely different. This band 
appears with a maximum at 397 nm, and significantly red shifts with 
compression of the monolayer, see Figure 3A. Even more, when the 
polymerization takes place, this band further red shifts to a final value of ca. 
416 nm. We therefore obtain a significant shift of the UV−vis reflection 
band of ca. 20 nm. In the case of segregation of DA within the DA:HSP 
mixed monolayer, the characteristic UV−vis reflection peak from the pure 
DA component is expected to appear at ca. 390 nm, similarly to the pure 
DA Langmuir monolayer. We therefore conclude there is no segregation of 
DA molecules within the mixed DA:HSP monolayer. 
Domain anisotropy prior to polymerization. The UV−vis reflection 
spectra of the DA:HSP monolayer provide the molecular basics for the 
interpretation of the inner textures observed in the BAM images. The 
absorption of the incoming radiation during BAM experiments (laser beam: 
λ = 532 nm), further enhance the observed reflectivity in the BAM images. 
Note that the reflection of radiation recorded by the BAM camera is 
proportional to the absorption.38,42 Prior to DA polymerization, the domains 
exhibit a large reflectivity. Such reflectivity arises from the absorption of 
the hemicyanine group at 532 nm, see Figure 3A. The observed anisotropy 
within these domains is due to the large ordering of the molecules forming 
the domains. The regions within the domains displaying brightest intensity 
would be related to a parallel alignment of the hemicyanine transition 
dipoles with respect to the incoming p-polarized radiation.37,38 
Capítulo V: Direct observation by using Brewster Angle Microscopy of the 
diacetylene polymerization in mixed Langmuir film 
 
 192 
A schematic sketch of this interpretation is shown in Scheme 1A. The x-
y plane is assumed as the air−water interface, and the p-polarized radiation 
is taken as incident on the interface along the x-z plane, with an angle  = 
53.15º (Brewster angle of water) with respect to the z axis. Moreover, μ is 
the transition dipole vector corresponding to the hemicyanine groups, being 
θ and ϕ the polar and azimuthal angles which defined its direction, see 
Scheme 1A. We assume that all the hemicyanine groups are aligned inside 
of a given segment domain with constant reflectivity. Thus, the projections 
over the x-y plane of the different hemicyanine transition dipoles are located 
along a common axis, which is termed as k axis (dark green line) in Scheme 
 
Figure 4. BAM images of the mixed DA:HSP Langmuir monolayer; (a) π = 30 mN/m and p = 0°, (b) π = 40 mN/m and p = 0°, (c) as in b inverting the grey scale, (d) π = 30 mN/m and p = 45°, (e) π = 40 mN/m and p = 45°, (f) as in e inverting the grey scale. The circle of the same color, are always around the same domain. 
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1. In this case, ϕ is the angle between the k and x axes. In this scenario, the 
reflection intensity should be proportional to the absorption, and the 
absorption depends on θ and ϕ. As for a given surface pressure, θ ≈ 
constant, the reflectivity should be proportional to cos(ϕ)2. Therefore, the 
brightest regions should correspond to values of ϕ ≈ 0º or 180º, while the 
darker regions to values of ϕ ≈ 90º. 
HSP molecules show a high tendency to self-aggregation in the presence 
of amphiphilic molecules of opposite charge. Thus, HSP is able to form 
chiral supramolecular structures perfectly ordered induced by the presence 
of an anionic chiral phospholipid.36,49 The high degree of ordering of HSP 
molecules could be confirmed by rotating the laser polarizer in the BAM 
instrument. Figures 4a and 4d showed two BAM images at 30 mN/m, before 
and after rotating the laser polarizer 45º, respectively. The rotation of the 
polarizer results in images with improved contrast. 
When BAM images are obtained at the surface pressures of 20-30 
mN/m, it is not possible to observe the polarizer rotation effect on a specific 
domain, given the monolayer has high mobility and does not remain static 
under the camera lens. When a surface pressure of 40 mN/m is applied, the 
monolayer mobility is partially reduced. Only after long waiting periods, it 
is possible to visualize the effect of polarizer rotating on a specific domain. 
Thus, Figures 4b and 4e showed two BAM images at 40 mN/m, 
corresponding to the same monolayer region, before and after rotating the 
laser polarizer 45º, respectively. These BAM images show several well-
formed domains as well as lots of bright spots in the domains surrounding 
regions. These bright spots arise only at high surface pressure, due to the 
formation of new domains and increasing the density of the DA:HSP 
monolayer, reducing the mobility. To improve the contrast of the 4b and 4e 
images, the same BAM images are shown in Figures 4c and 4f, by inverting 
the grayscale, so these images in bright regions becomes dark, and vice 
versa. Comparing the images of Figures 4b-c and 4e-f, one can see that 
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some domains have been surrounded by colored circles, so that the circle of 
certain color, always around the same domain. By rotating the polarizer 
from p = 0° (Figure 4b-c) to p = 45° (Figure 4e-f), the texture of the 
domains is modified so that some regions become brighter, whereas others 
are obscured. This behavior can be explained based on the change 
experienced by the ϕ angle by rotating the polarizer. For example, given 
two domain regions when p = 0°, one in which ϕ = 45° and another in 
which ϕ = 135°, both regions must have the same reflectivity. Note the 
reflectivity is proportional to cos(ϕ)2. However, rotating the polarizer in the 
clockwise direction until p = 45º, one of the above regions should increase 
its brightness, while the other becomes black. 
Domain anisotropy during the polymerization process. The main feature 
observed in the BAM images after polymerization is the large increase in 
the contract (see Figure 3f), i.e., bright regions become brighter and dark 
regions become darker. Note the BAM instrument rescales the reflectivity 
intensity in the gray levels (255-0), increasing or decreasing the exposure 
time in all cases. The enhancement of the contrast in the BAM images 
indicates an increase of the difference of reflectivity between regions of the 
observed monolayer. In case of a large difference, it is difficult to obtain 
sharp monolayer images and only white and black regions can be observed.  
To observe the polymerization effect on one concrete domain of the 
DA:HSP monolayer, we need to apply high surface pressure (40 mN/m) to 
avoid the displacement of the domains under the laser focus. Figure 5a and 
5b shows BAM images before and after irradiating with UV light the 
DA:HSP monolayer for two minutes, respectively. Both images have a 
common region, which are framed by a red box. These common regions are 
enlarged in Figures 5c and 5d. As above, to facilitate comparison between 
the two images; the same domains are surrounded by circles of the same 
color. 
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Despite the differences in reflectivity in Figures 5c and 5d, we can 
clearly distinguish like domains retain their internal texture after 
polymerization. The polymerization results in a strong increase in 
absorption in the 532 nm region (see Figure 3b), due to the formation of the 
PDA. Therefore, the increasing reflectivity in certain domains regions is due 
to the PDA polymer formation. We remark that the brightness of the BAM 
images is relative, meaning that the dark areas of Figure 5d do not 
necessarily have a lower value of absolute reflectivity than the gray regions 
of Figure 5c. Thus, we can assure that the reflectivity difference between 
bright and dark regions is much larger in the case of Figure 5d, than in 
Figure 5c. Quantitative measurements of the different gray levels before and 
after polymerization in the BAM pictures have been performed, see Figure 
S8. The reflectivity difference between dark and bright regions, as well as 
the count number corresponding to the brighter and dart regions, increases 
after the polymerization.  
Note that in the stage prior to polymerization, the internal texture of the 
domains indicates the presence of HSP molecules with a large degree of 
order, i.e., anisotropy. After DA polymerization, the texture of the domains 
is conserved, although the reflectivity difference between bright and dark 
regions increases considerably. This increase in the difference in reflectivity 
is due to the DA polymerization within the domains. Therefore, this finding 
also shows that the domains are formed by the two DA and HSP 
components. 
We can also state that DA polymerization occurs, at least in the brightest 
regions of the DA:HSP monolayer. However, the images of Figure 5 raise 
some interesting questions; does the polymerization takes place in the dark 
regions? If so, why not observed reflectivity increased in them? The DA 
polymerization takes place along the same axis as the alignment of the HSP 
molecules? 
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Domain anisotropy after polymerization. Once the polymerization takes 
place, the mobility of the DA:HSP monolayer considerably decreases, 
making it possible to analyze the polarizer rotating effect (even at a surface 
pressure of 20 mN/m). Thus, in Figure 6a, a series of polymerized domain 
are shown for p = 0º. On the other hand, in Figure 6c, the same domains are 
shown after rotating 45º the polarizer. To improve the image resolution in 
Figure 6a and 6c, the same BAM images are shown in Figures 6b and 6d, by 
inverting the grayscale. Some domains have been circled to facilitate the 
comparison of both images. The texture of the domains is modified, as well 
as not polymerized domains, some domains segments increase the 
reflectivity while others decrease. 
Figure 5. BAM images of the mixed DA:HSP mixed Langmuir monolayer at π = 40 mN/m and p = 0°, (a) before and (b) after the polymerization during 1 minute. (c) and (d) are zoom images of the regions framed by a red box in Figures a) and b) respectively. The circle of the same color, are always around the same domain in both images. 
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The anisotropy of the domains is kept after polymerization, while as 
commented the difference of reflectivity values between the inner textures 
of the domains increase after the polymerization, see Figures 5 and 6. This 
increase cannot be ascribed solely to the reflectivity of the alkyl chains, as 
one would expect in a “standard” BAM experiment, i.e., no chromophores 
at the Langmuir monolayer. Indeed this change in the relative reflectivity 
additionally proves the relevance of the absorption of radiation of the 
wavelength used in the BAM experiments, given that PDA polymerization 
results in the simultaneous modification in the absorption at the 532 nm (see 
 
Figure 6. BAM images of the mixed PDA:HSP Langmuir monolayer polymerized during 8 minute; (a) π = 20 mN/m and p = 0°, (b) as in a) inverting the grey scale, (c) π = 20 mN/m and p = 45°, (d) as in c) inverting the grey scale. The circle of the same color, are always around the same domain.  
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Figure 3), which is the wavelength of the BAM laser, and the reflectivity 
value inside the domains is therefore modified. 
The texture of the domains changes in Figure 6, indicating that there is a 
preferred orientation of the polymer molecules in each one of the regions 
with constant reflectivity. According to the images shown in Figure 6, 
polymerization occurs in all the domain regions, even in those regions 
which remained dark after polymerization, see Figure 5. These regions 
remain dark because the polymer chain grows perpendicularly to the axis of 
the laser polarization (ϕ ≈ 90º, see Scheme 1B) and in this case the 
reflectivity is very low in comparison with the region where the polymer 
chain grows parallel to the laser polarization (ϕ ≈ 0º).  
Global discussion and conclusions. DA:HSP mixed Langmuir monolayers 
result in the formation of flower shaped domains which possess internal 
texture. This inner texture is caused by the reflectivity difference between 
domain regions. In case of no PDA polymer, the observed BAM pictures are 
mainly determined by the enhanced reflection from the chromophore 
groups. On the other hand, after DA polymerization, the PDA absorption is 
greater than the HSP absorption, so the reflectivity is due primarily to PDA. 
The observed anisotropy, before and after polymerization, can be related to 
the preferred orientation of the transition dipoles molecules which absorb 
radiation at the laser wavelength used. We note this is a not standard usage 
of the BAM technique, which has been exploited by our group taking 
advantage of the enhanced reflection arising from the absorption of 
chromophores in Langmuir monolayers, as discussed above.38 
Given the texture of the domains is the same before and after DA 
polymerization onto PDA polymer, we conclude that the PDA polymer 
chain grows in the same direction in which the HSP molecules are aligned, 
given the anisotropic orientation of the absorption dipoles of the HSP 
molecules results in the observed BAM textures, as discussed above (k axis 
in Scheme 1B). The polymerization of the mixed monolayer results in a 
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change of the absorption properties, and therefore the enhancement reflected 
BAM light from the mixed monolayer is also modified. This arrangement 
confirms that PDA and HSP form a homogeneous mixed structure stabilized 
by the different intermolecular interactions in play.  
Furthermore, the domains formed in the previous DA:SP system are 
circular and not shown internal anisotropy, but increase their reflectivity 
after DA polymerization.24 On the contrary, the DA:HSP monolayers should 
be related to the structural differences between SP and HSP molecules, 
where a dimethylamino group is replaced by an OH group (see Figure 1). 
The OH group is smaller and could allow a more compact aggregation 
structure. Moreover, the OH group could also form hydrogen bonds with 
neighboring molecules, which would give the domain of a more rigid 
structure, as observed experimentally. 
As commented above, DA polymerization occurs only when the material 
is in a highly ordered state and is very sensitive to the surrounding 
environment.21 DA polymerization onto PDA requires an optimal packing 
of the diacetylenic units to allow propagation of the linear chain 
polymerization through the ordered phase. DA:HSP ion pair structure must 
be compact enough to allow the polymerization. We propose the described 
insights on the PDA polymerization at interfaces as a key issue on the 
supramolecular structure containing DA monomers when designing PDA-
based structures and devices. 
  
Capítulo V: Direct observation by using Brewster Angle Microscopy of the 
diacetylene polymerization in mixed Langmuir film 
 
 200 
5.4. Suporting information 
Surface pressure‒area isotherms. 
Transmission FTIR Spectra of LB films of the mixed monolayer. Figure 
S2 shows the FTIR transmission spectra of 10 DA:HSP monolayers 
transferred at 30 mN m-1 on CaF2, before polymerization (blue line) and 
after UV polymerization during 8 minutes (red line, shown as PDA:HSP). 
The FTIR spectra of 10 monolayers of pure DA (black line) and HSP 
(yellow dark line) components are also shown. The multilayers were 
assembled onto LB films by sequential monolayer transfer, i.e., withdrawal 
and immersion of the substrate through the air/liquid interface covered with 
the film. 
The asymmetric and symmetric stretching mode of methylene groups 
from the alkyl chains, υas(CH2) and υs(CH2), at 2924 cm-1 and 2853 cm-1 
respectively,  are clearly distinguishable. The position of these bands are 
 
Figure S1. Surface pressure-area (-A) isotherms of Langmuir monolayers of: pure DA (black line), pure HSP (green line), and mixture DA:HSP in 1:1 molar ratio. 
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intermediates between those expected for a crystal packing of the alkyl 
chains (2920 cm-1 and 2850 cm-1, respectively) and for the liquid state (2928 
cm-1 and 2856 cm-1, respectively).50,51 Note that for the pure DA and HSP 
components, the positions of these bands are coincident with the 
corresponding for a crystal packing of the alkyl chains. These results 
indicate a good organization of the alkyl chains in the mixed films, although 
there is not crystalline packing.  
Two bands at 1596 cm-1 and 1525-1530 cm-1 are also observed in the 
mixed DA:HSP monolayers, which may be related to the asymmetric and 
symmetric modes of the COO- group, respectively.52 Noteworthy, the bands 
in the 1740-1680 cm-1 region are absent for the mixed LB films. In this 
region, the carbonyl stretching (either with or with no hydrogen bound) of 
 Figure S2. FTIR spectra of 10 LB mixed monolayer DA:HSP (blue line) before and after UV polymerization during 8 minutes (PDA:HSP, red line). The black and yellow dark line corresponds to the FTIR spectra of 10 transferred monolayers of pure DA and HSP monolayers, respectively. In all cases, the transfer surface pressure was 30 mN/m.  
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not dissociated carboxyl acid group should be observed.52 Thus, for the pure 
DA LB films (black line) an intense band at 1696 cm-1 is observed. The 
absence of such bands in the mixed film indicates the complete dissociation 
of the carboxyl group, before and after polymerization. This result supports 
the formation of ion pair between DA (or PDA) and HSP, excluding the DA 
and HSP segregation after polymerization.  
Surface Pressure (π)–Area (A) Isotherms after polymerization. The 
effect of UV irradiation on the isotherm DA:HSP mixed monolayer is 
shown in Figure S3. The DA:HSP mixed monolayer was compressed up to 
20 mN/m. Keeping  this monolayer under a constant value of surface 
pressure, the DA:HSP mixed monolayer was UV-irradiated for 8 minutes. 
The surface area is barely modified during the irradiation time. After the 
irradiation, the monolayer was expanded (Figure S3-1d grey line), and 
finally a second compression was performed (Figure S3-2c gray line). The 
application of UV radiation modifies the thermodynamic properties of the 
monolayer, as observed in the isotherms. Thus, during the second 
compression cycle the phase change disappears. The DA polymerization 
does not occur if the monolayer is irradiated at a surface pressure below the 
phase change. Polymerization has been studied at different surface pressures 
of 20, 30 and 40 mN/m.  
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BAM images for the compression and decompression of pure DA 
monolayer. 
 Figure S3: Surface pressure‒area isotherms of DA:HSP mixed monolayer (1c-red line). The DA:HSP mixed monolayer was UV-irradiated for 8 minutes at   = 20 mN/m, with a subsequent compression (1d-grey line) and a final compression (2c-grey line).   
 
Figure S4: BAM images of the pure DA Langmuir monolayers during the compression and decompression process. Values of area and surface pressure for each image are indicated in the Figure.  
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BAM images for the pure HSP monolayer. 
  
Figure S5: BAM images of the pure HSP Langmuir monolayer. Values of area and surface pressure for each image are indicated in the Figure.  
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UV-vis Reflection spectroscopy at the air‒water interface under 
decompression. The stability of the polymerized PDA:HSP monolayer has 
been also followed by UV-vis reflection spectroscopy. After the 
polymerization of the monolayer (Figure S6-black line), we apply a 
decompression step (Figure S2-red line), followed by a subsequent 
compression (Figure S6-blue line). The UV-vis reflection spectra are 
coincident with those obtained during the first compression cycle, indicating 
that the polymer and the hemicyanine group do not change its orientations 




Figure S6. Normalized UV-vis reflection spectra of the mixed Langmuir monolayer DA:HSP after UV irradiation during 8 minutes. Black line: first compression cycle. Red line: first decompression. Blue line: Second compression cycle.   
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UV-vis Reflection spectroscopy at the air‒water interface of the HSP 
pure monolayer. Figure 3 shows the normalized UV-vis reflection spectra 
of the pure HSP monolayer for the range of surface pressure from 0.8 to 25 
mN/m. Note that the reflection values of these spectra are approximately 
twice those values in Figure 3. The normalized reflection spectra are 
obtained as the product of the absolute reflection by the surface area per 
molecule. Given the DA:HSP mixed monolayer is composed by only 50% 




 Figure S7: Normalized UV-vis reflection spectra of the pure HSP Langmuir monolayer at different surface pressure and surface areas, as indicated within the Figure.  
Capítulo V: Direct observation by using Brewster Angle Microscopy of the 
diacetylene polymerization in mixed Langmuir film 
 
  207 
Quantitative measurement of the average grey level of the BAM images 
along the polymerization process. Figure S8 shown the histograms of the 
gray levels for the BAM images shown in Figure 5, before and after 
polymerization, Figure S8 a and b, respectively. After the polymerization, 
an increase the reflectivity difference between dark and bright regions is 
observed. The count number corresponding to the brighter and dart regions 
is also increased.   
Thus, before the polymerization the grey level distribution is more 
homogeneous with a StdDev = 63.361. The percentage of white counts (255 
in the grey scale) is ca. 3.9 %, while for 48 in the grey scale is 3.3 % (Figure 
S8a), where 48 is the most intense grey level in the dark region of the 
histogram. After the polymerization, the StdDev increase (80.382) and the 
percentage of white counts (255 in the grey scale) is 10.8 %, while for 24 
 
Figure S8. a) BAM image before polymerization and grey level histograms in left and right, respectively. b) BAM image after polymerization and grey level histograms in left and right, respectively.  
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in the grey scale is 9.8 % (Figure S8a), where 24 is the most intense grey 
level in the dark region of the histogram.  
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 Langmuir monolayers of EA matrix on aqueous subphase with the two-
dimensional perovskite films containing PbX, X = Br and Cl and KX were 
fabricated at the air‒water interface. Clearly, the addition of lead and halide 
salts to the aqueous subphase alters the EA film formation. The results 
indicate an arrangement of the mixed system as bilayer. The reflection 
spectroscopy spectrums demonstrate the formation and stability of the 
perovskite. Additionaly, EA films on aqueous subphase containing PbCl2 and 
KBr are fabricated and the results indicates the formation of the perovskite 
structure at low concentration of PbX2 is ruled by the halide ion from 
potassium salts in the aqueous subphase. The BAM images of (EA)2PbCl4 
show the initial interaction between the EA in gas phase with the salt 
molecules in the subphase gendering domains with pebble beads-like shape 
that put together under compression. By using the Langmuir-Schaefer (LS) 
technique, thin films of PbX-based layered perovskite were successfully 
prepared. The deposited film showed sharp and strong absorption demonstrate 
not only the formation of the layered perovskite structure but also the keeping 
structure during the transfer process from the air‒water interface to the solid 
support. In addition, the X-Ray diffraction measurements of such samples on 
solid support demonstrated that the layered structure is oriented parallel to the 
film plane. To determine the phase purity of the films the XPS survey spectra 
was registered.  
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6.1. Introducction 
Organic–inorganic nanohybrids offer an important opportunity to combine 
useful properties from two chemical, organic and inorganic compounds, 
within a single molecular scale composite. Especially, the design and 
generation of the organic–inorganic self-organized quantum well structure 
represent an approach to synthesis that offers new horizons in the context of 
synthetic chemistry and its posible impact on nanotechnology. 
Up to this decade, the effect of organic ammonium cations on the 
inorganic motif of the inorganic−organic hybrids [(R-NH3)2MX4], where M is 
any divalent metal and X = Cl, Br and I, has been studied and shown that 
these compounds exist in a palette of different inorganic moieties from 0D to 
3D, as well as different types of motifs within each dimension. In such cases, 
the choice of the organic ammonium cation has been from e.g. short to long 
chain alkylammonium cations (3 to 18 carbon atoms). The focus of the 
templating effect has been on obtaining a 2D motif consisting of corner-
sharing MX6 octahedra, as these hybrids then form natural quantum-well 
materials that show photoluminescence, electroluminescence and nonlinear 
properties.1,2 As a result, they exhibit interesting optical properties due to the 
exciton such as efficient photoluminescence, electroluminescence and 
nonlinear optical effects. In addition to their low-dimensional nature, their 
self-organization is attractive from the standpoint of material design in 
organic-inorganic superlattices.3,4 
Further, by using instead of monoammonium cations, diammonium 
cations, i.e., two ammonium groups on both ends of the hydrocarbon moiety 
on hybrids, also fabricates layered perovskite-type hybrid structures which 
template depends on the number of carbon atom of the alkyl chain. Therefore, 
in the even-membered alkyl chains with ammonium groups at both ends, the 
chains that are sandwiched in between the 2D layers have kinks in them so 
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that the hydrogens on both ends of the organic molecules can hydrogen bond 
to the halides of the inorganic layers. An advantage to hybrids with 
diammonium groups is that even R groups (alkyl chain) are more likely to 
adopt the layered perovskite-type motif compared to having only one 
ammonium groups. These R groups have been used to enhance the 
electroluminescence and photoluminescence properties of the layered 
perovskite-types hybrids compared to simple alkyl chains.5 
From the last five years, three-dimensional 3D hybrid perovskites of the 
form (MA)[PbX2] (MA = CH3NH3+; X = Cl, Br, or I) have recently emerged 
as promising absorbers for solar cells.6–9 However, recently, layered materials 
of two-dimensional 2D perovskites that readily form high-quality films that 
appeared more resistant to humidity than 3D analogues, have used as solar-
cells absorbers.10,11 
The fact of their self-organizing nature providing excellent film 
processability has been the basis for preparing oriented thin films of good 
quality by simple spin-coating, dip-coating, vacuum-deposition techniques 
and LB technique as potential way to construct films of materials with well-
defined structure and thickness controlled at molecular level by successive 
deposition of amphiphilic molecular monolayers on an aqueous subphase.12,13 
By using a variety of amphiphilic and functionalized ammonium molecules, 
one can prepare the layered perovskites at a molecular level. Therefore, 
preparation of the PbBr-based layered perovskites LB films have been 
successful obtained with high concentration of PbBr2 and methylammonium 
bromide.13,14 
For the development of the technique to construct organic−inorganic 
superlattice materials whose structure is controlled at molecular level, the 
air‒water interface is expected to offer a model environment for preparing 
layered perovskite-based films with controlled structure templated by an 
appropriate matrix and under external control like surface pressure. Thus, Era 
at al.13,14 have prepared PbBr-based layered perovskite film of the form 
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[C22H45NH3(PbBr4)]. More recently, a novel preparation method of lead-based 
layered perovskite Langmuir film with a negligible amount of PbBr2 at 
docosyl ammonium bromide CH3(CH2)20CONH3Br monolayer, has been 
described elsewhere.15 
On the basis above, it could be possible tailoring at the air‒water interface 
2D layered perovskite-type hybrid structures, in which, for example, the 
perovskite is immersed into bilayer of monoammonium cationic organic 
matrix like previous authors templated by using diammonium cations. 
In the present work, a 2D layered perovskite-type hybrid of the form 
[(CH3(CH2)20NH3)2(PbX4)], X = Cl, and Br, is templated at the air‒water by 
means of compression-expansion processes. A stable Langmuir 2D layered 
perovskite-type hybrid with higher yield of perovskite in comparison with 
those previously obtained, has been achieved and characterized by means of 
surface pressure-area isotherms, reflection spectroscopy, and Brewster angle 
microscopy. Furthermore, those films were successfully transferred to solid 
support and the perovskite structure was determined by XRD and XPS. 
 
6.2. Experimental Section 
Materials: Eicosylamine (EA) was synthesized by J. Sondermann at the Max-
Planck-Institut für biophysikalische Chemie,16 and used without further 
purification. Salts of PbBr2 and PbCl2 were purchased from Sigma-Aldrich 
(99.9 %) and used as received. KBr (Panreac) and KCl (Merck). 
The initial solution for eicosylamine was prepared in chloroform and used 
as spreading solvent. The pure solvent was purchased from Aldrich 
(Germany) and used without further purification. Ultrapure water, produced 
by a Millipore Milli-Q unit, pre-treated by a Millipore reverse osmosis system 
(> 18.2 M cm), was used as a subphase. The subphase temperature was 21 
ºC with pH 5.7. 
Methods: Two different models of Nima troughs (Nima Technology, 
Coventry, England) were used in this work, both provided with a Wilhelmy 
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type dynamometric system using a strip of filter paper: a NIMA 611D with 
one moving barrier for the measurement of the reflection spectra, and a NIMA 
601, equipped with two symmetrical barriers to record BAM images. The 
monolayers were compressed at a speed of 0.02 nm2 min-1 molecule-1. 
UV–visible reflection spectra at normal incidence as the difference in 
reflectivity (ΔR) of the dye film-covered water surface and the bare surface17 
were obtained with a Nanofilm Surface Analysis Spectrometer (Ref SPEC2, 
supplied by Accurion GmbH, Göttingen, Germany). 
Images of the film morphology were obtained by Brewster angle 
microscopy (BAM) with a I-Elli2000 (Accurion GmbH) using a Nd:YAG 
diode laser with wavelength 532 nm and 50 mW, which can be recorded with 
a lateral resolution of 2 μm. The image processing procedure included a 
geometrical correction of the image, as well as a filtering operation to reduce 
interference fringes and noise. The microscope and the film balance were 
located on a table with vibration isolation (antivibration system MOD-2 S, 
Accurion, Göttingen, Germany) in a large class 100 clean room. 
The monolayers were transferred onto quartz substrates. The mixed 
monolayers were transferred by the Langmuir−Schaefer, i.e., by horizontal 
lifting method, at constant surface pressure (  40 mN/m). The multilayers 
were assembled by sequential monolayer transfer. The transfer ratio was close 
to unity for all transfer processes. UV−vis electronic absorption spectra of the 
films were measured locating the substrate directly in the light path on a Cary 
100 Bio UV−vis spectrophotometer. 
XPS (X-ray photoelectron spectroscopy) spectra were collected using a 
Specs Phoibos 150 MCD-9 (SCAI, University of Cordoba) photoelectron 
spectrometer equipped with an X-ray source of aluminium K-alfa at an energy 
of 1486.61 eV and 350W, incident at 90º relative to the axis of a 
hemispherical energy analyzer. The spectrometer was operated at high 
resolution with a pass energy of 23.5 eV, a photoelectron take off angle of 45º 
from the surface, and analyzer spot diameter of 1.1 mm. The base pressure in 
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the chamber during measurement was 1109 Torr. After collection of the 
data, the binding energies were referenced by setting the C 1s binding energy 
to 284.8 eV. All peaks were ﬁt with respect to spin-orbit splitting. Standard 
curve-ﬁtting software (Multipak V 5.0 A; Physical Electronics, Inc.) using 
Shirley background subtraction and Gaussian e Lorentzian proﬁles was used 
to determine the peak intensities. 
The X-ray diffraction (XRD) patterns of film samples supported on quartz 
slides were collected using a Bruker D8 DISCOVER VARIO equipment 
(University Institute of Research on fine Chemistry and Nanochemistry) 
equipped with an X-ray source of Cu and Bragg Brentano θ/θ goniometer of 
high accuracy. 
 
6.3. Results and Discussion 
Surface Pressure (π)–Area (A) Isotherms and UV‒vis Reflection 
spectroscopy at the air/liquid interface. The two-dimensional perovskite 
films were prepared by Langmuir technique at the air−water interface. 
Langmuir films of the lead-based layered-perovskite have been fabricated on 
a subphase containing of low concentration of lead halides. In the two-
dimensional lead-based perovskite stoichiometrical ratio of Pb2+ to X = Br, 
Cl is 1:4, although as demonstrated in previous papers15 an excess amount of 
X in subphase is required because the stability constant for the PbX42 
complex in solution is very low. As described previously, the required amount 
of X is compensated by an addition of halide salts, and thus the perovskite 
can be formed at low concentrations of PbX2, that is, an excess halide ion with 
a negative charge in subphase facilities the interaction with lead ions to 
hydrophilic ammonium site of the amphiphilic matrix, resulting in a 
promotion of perovskite formation. 
The addition of the halide salt into subphase has attained formation of the 
layered perovskite structure in Langmuir monolayer on subphase containing 
lead bromide at a concentration with three orders of magnitude lower than that 
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in the conventional methods (order sub-molar).15 Lead is toxic for life, 
therefore the reduction in the amount of lead in preparation is desired for 
practical application of the perovskite compounds. An excess of halide ion 
with a negative charge in subphase acts as a helper of lead ion and carries lead 
ions to hidrophilic ammonium site of amphiphiles, resulting in a promotion of 
perovskite formation. 
Under such conditions, the layered perovskite structure was assembled, 
however, no evidence of the stability of the system was given. Therefore, in 
this work, Langmuir monolayers of EA matrix are fabricated on an aqueous 
subphase containing PbX, X = Br and Cl, at 104 M and KX at 0.1M (half of 
NaBr in ref. 15) by applying surface pressure during several compression-
expansion cycles and simultaneously, the reflection spectra were recorded. 
Figure 1 shows the A isotherms during several cycles of compression-
expansion of the EA film at a subphase containing PbCl2 with a concentration 
of 10-4 M and KCl 0.1 M. The behaviour observed during those cycles is 
amazing. The surface pressure of the EA monolayer on halide salt subphase 
during the first compression starts to increase at a surface area of 0.34 nm2/EA 
molecule (Figure 1, red line) versus 0.24 nm2/EA molecule for the EA film on 
pure aqueous subphase (Figure 1, dashed line). This larger surface area in 
which the surface pressure starts to rise is probably due to an ionic repulsion 
between the EA molecules on the salted subphase. This behaviour is kept 
during the next successive compression-expansion cycles, although a 
hysteresis phenomenon happens as increases the number of compression-
expansion cycles reducing such area value (0.26 nm2 < A0 < 0.34 nm2). Also, 
in the first cycle an overshoot is detected and followed of a plateau region 
where the mixed monolayer evolves at almost surface pressure constant equal 
to 40 mN/m. However, one can appreciates small oscillations of the A 
isotherms up to area values below 0.20 nm2. This plateau region could be 
associated to a certain structural change of the monolayer such as collapse or 
phase transition.18,19 
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Furthermore, such evolution reach at about 0.10 nm2, however the 
molecular area expected for a compact EA monolayer is 0.20 nm2. In this 
mixed system, the film reduces its area to that equivalent to one alkyl chain 
vertically oriented with respect to the subphase during the compression 
processes. Clearly, the addition of lead and halide salts to the aqueous 
subphase alters the EA film formation. The results indicate an arrangement of 
the mixed system as bilayer which could be related with a layered-based 
perovskite formation through the plateau region. In fact, the oscillations 
registered during the plateau region can be associated to a feed-back 
phenomenon by the own layered-based perovskite moiety throughout the bi-
dimensional film formation: the perovskite structure may form domains that 
produces a shrinking of the film and decreasing the surface pressure, as the 
whole interphase is covered by the (EA)2PbX4 film. 
 Figure 1. A isotherms of four cycles of compression-expansion processes (shown only the compression processes) of a EA monolayer at aqueous subphase containing PbCl2 with a concentration of 10-4 M and KCl 0.2 M. As reference, the EA isotherm on aqueous subphase is also shown.  
Area per EA molecule, nm2
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To evidence such assumption, simultaneously to the measurement of the 
A isotherms, the reflection spectra under normal incidence were recorded at 
40 mN/m, 0.09 nm2/EA molecule for several compression cycles. Figure 2 
shows the evolution of the EA film on an aqueous subphase containing PbCl 
(10-4 M) and KCl (0.1 M) after nC (n = 1, 2… 7) compression processes. 
Reflection peaks assigned to an exciton absorption at ca. 330 nm on the 
spectra for the monolayer show up after plateau region and the intensity 
increases as the number of compression steps. As previously described by 
Oishi et al.,15 the appearance of the reflection peak due to exciton indicates 
that the layered-perovskite structure with a two-bidimensional layer of lead 
chloride is formed in the monolayer at air−water interface, which six chloride 
ions coordinate to a lead ion when KCl is added to the subphase, and also, that 
the formation starts at the edge of plateau region and continues increasing by 
further compression. The (EA)2PbCl4 structure tailoring in the present work 
not only reaches high values of reflection after seven cycles of compression-
expansion processes, probably up to coat the whole interface, but also shows a 
stable bi-dimensional arrangement. 
 
Figure 2. Reflection spectra of EA monolayer at aqueous subphase containing PbCl2 with a concentration of 10-4 M and KCl 0.2 M at 0.09 nm2/EA molecule during seven compression-expansion cycles.  
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Following, the same procedure above described was applied for a subphase 
containing potassium bromide. Figure 3 shows the A isotherms of two 
compression processes of the EA film on a subphase containing PbBr (10-4 M) 
and KBr (0.1 M). Like in the previous system, the surface pressure starts to 
rise at higher area than that for the EA monolayer on pure aqueous subphase, 
0.51 nm2 versus 0.24 nm2, respectively (Figure 3, red and dashed lines, 
respectively). Also, after the overshoot, a short plateau region is playing and 
the system goes to A  0.10 nm2, although no oscillations along the plateau 
region is observed. Furthermore, the hysteresis between the compression steps 
at surface areas below 0.20 nm2/EA molecule is also detected. 
Therefore, it is expected the starting formation of a layered-based 
perovskite (EA)2PbBr4 from surface area below 0.30 nm2. The absence of 
oscillations along the plateau region can be due to the kinetic formation of the 
perovskite structure, being faster in presence of bromide ions. 
 Figure 3. A isotherms of two cycles of compression-expansion processes (shown only the compression processes) of a EA monolayer at aqueous subphase containing PbBr2 with a concentration of 10-4 M and KBr 0.2 M. As reference, the EA isotherm on aqueous subphase is also shown. 
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The evidence of the (EA)2PbBr4 arrangement at the aqueous subphase is 
given by the reflection spectroscopy. Reflection spectra of the EA monolayer 
on an aqueous subphase containing PbBr2 (10-4 M) and KBr (0.1 M) 
registered at 0.09 nm2/EA molecule and after 3 cycles of compression 
processes, are shown in Figure 4. Strong exciton absorption is observed at ca. 
390 nm and as previously identified from layered PbBr-based 
perovskite.15,20,21 The results show the continuous increasing of the reflection 
intensity as the film is compressed by several cycles what demonstrates the 
formation and stability of the perovskite moiety. 
The maximum intensity reaches 1.5 (Figure 4, red line) after only 3 cycles, 
slightly higher than that played from (EA)2PbCl4, 1.3 under 7 cycles of 
compression (Figure 2, red line). This fact notes a higher kinetic of layered-
perovskite structure formation when bromide instead of chloride salts are used 
in the subphase. 
 
Figure 4. Reflection spectra of EA monolayer at an aqueous subphase containing PbBr2 with a concentration of 10-4 M and KBr 0.2 M for different surface area (expressed as nm2 per EA molecule) during three compression-expansion cycles. 
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Additionally, EA films on aqueous subphase containing PbCl2 (10-4 M) 
and KBr (0.1 M) are fabricated and the results, isotherms and reflection 
spectra (data not shown), are analogues to those obtained with PbBr2 (10-4 M) 
and KBr (0.1 M). These results indicate the formation of the perovskite 
structure at low concentration of PbX2 is ruled by the halide ion from 
potassium salts in the aqueous subphase. 
Brewster Angle Microscopy (BAM). The morphology of the EA2PbX4 
Langmuir monolayers on PbX2 (10-4 M) subphase containing KX 0.1 M has 
been observed in situ by BAM. Figures 5 and 6 show the features of the 
(EA)2PbCl4 film tailored at air−water interface at low surface pressure during 
the first compression cycle and high surface pressure after successive 
compression cycles, respectively. 
The BAM images in Figure 5 (a-c) show the initial interaction between the 
EA in gas phase with the salt molecules in the subphase gendering domains 
with pebble beads-like shape that put together under compression. Upon 
further compression, the pebble-like domains cover the whole interface 
(Figure 6a) as the surface pressure starts to rise. Along the isotherm, small 
brilliant spots emerge on a layer that tends to be homogeneous (Figure 6c). By 
means of a 2nd compression process, such bright spots fuse (Figures 6c-6d) 
 
Figure 5. BAM images of a (EA)2PbCl4 with PbCl2 10-4 M and KCl 0.1 M at low surface pressures during the first compression cycle: a) 0 mN/m; 1.16 nm2; b) 0 mN/m; 0.48 nm2; c) 0 mN/m; 0.47 nm2. Image size: 430 m 
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and after 3 cycles a new homogeneous layer grow on the air‒water interface 
(Figure 6e) upto cover the whole surface area (Figures 6f-6h). 
BAM images of (EA)2PbBr4 show similar morphological features (data not 
shown). 
By comparison, BAM images of the morphology of an EA monolayer on 
aqueous subphase under compression are taken. As appreciated in Figure 7, 
any structure is observed but the formation of a homogeneous monolayer as 
the surface pressure increases. 
Taking into account the A isotherms and the reflection spectra, as well 
as the absence of structures in BAM for the EA pure monolayer, it is possible 
to associate the new growing structure at the air−water interface to the 
formation of the one laminar layered PbX-perovskite structure as the number 
of compression cycles is increased. 
 
Figure 6. BAM images of a (EA)2PbCl4 with PbCl2 10-4 M and KCl 10-2 M at high surface pressures during successive compression-expansion cycles: a) 1c: 0.7 mN/m, 0.35 nm2; b) 1c: 42.7 mN/m, 0.12 nm2; c) 2c: 30 mN/m, 0.21 nm2; d) 2c: 35.4 mN/m, 0.09 nm2; e) 3c: 33.4 mN/m, 0.09 nm2; f) 4c: 31.3 mN/m, 0.09 nm2; g) 5c: 33.2 mN/m, 0.09 nm2; h) 6c: 42 mN/m, 0.09 nm2. Image size: 430 m width.  
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X-Ray Diffraction. By using the Langmuir-Schaefer LS technique 
(horizontal touching), thin films of PbX-based layered perovskite having an 
organic-inorganic superlattice structure were successfully prepared. At 40 
mN/m, the Langmuir monolayers of (EA)2PbX4 (X = Cl and Br) system on 
PbX2 (5·10-5 M) subphase containing KX 0.1 M were deposited on fused 
quartz substrates (6 LS layers). The deposited film showed sharp and strong 
absorption at approximately 330 and 390 nm (data not shown) for PbCl-, 
PbBr-based layered perovskite, respectively, which as described above are 
characteristic of exciton in PbCl-, PbBr-based layered perovskite, 
respectively, demonstrating not only the formation of the layered perovskite 
structure but also the keeping structure during the transfer process from the 
air−water interface to the solid support. 
In addition, the X-Ray diffraction measurements of such samples on solid 
support were performed. Figure 8 shows X-ray diffraction profiles for LS film 
(6 layers) samples of PbCl-based layer perovskite prepared by successive 
deposition of eicosylamine monolayer on an aqueous subphase, containing 
PbCl2 and KCl (black line). As comparison, X-ray diffraction of PbBr-based 
layer perovskite from LS deposition of EA monolayer on an aqueous 
subphase containing PbBr2 and KBr (red line) is also shown. 
 
Figure 7. BAM images of an EA pure monolayer on aqueous subphase under compression: a) 1.6 mN/m; 0.76 nm2; b) 20.2 mN/m; 0.26 nm2; c) 40.5 mN/m; 0.16 nm2. Image size: 430 m width. 
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These profiles for both systems demonstrate that the layer structure is 
oriented parallel to the film plane: only diffraction peaks corresponding to 
(00n), where c-axis is the direction normal to the layer plane, of the PbX-
based layered perovskite are observed in the X-Ray diffraction profiles of the 
deposited films, that is, only diffraction peaks corresponding to the layer 
spacing are observed in the film samples. This result demonstrates that the 
layer structure is oriented parallel to the film plane. In the both layered 
perovskite-types, layer spacing (d) is increased with increasing alkyl chain 
length, as derived from the equations d = 1.92+ 0.16xN or d = 0.85 + 0.16xN. 
This result demonstrates that the distances between the inorganic layers or 
between the functional group of organic molecules and the inorganic layer are 
controllable at the angstrom level by changing alkyl chain length in the layer 
perovskite. From the peaks, the layer spacing is estimated to be 4.5 nm. The 
comparison between the relatively small value of layer spacing and molecular 
 
Figure 8. X-ray diffraction profiles for LS film (6 layers) samples of PbX-based layer perovskite prepared by successive deposition of (EA)2PbCl4 (black line) and (EA)2PbBr4 (red line) monolayers fabricated on an aqueous subphase. 
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length of eicosylamine (3 nm) leads to the presumption that 
eicosylammonium molecules tilt with a large tilt angle of approximately 40º 
with respect to the film normal or interdigitated with eicosylammonium 
molecules in the neighbouring organic ammonium layer. These results are in 
good agreement with those obtained for similar systems.3,13,22–24 
X-Ray Photoelectron Spectroscopy. High resolution XPS is a powerful tool 
to analyze the chemical states of the elements in the PbX-based perovskite 
films and hence helpful to determine the phase purity of the films. The XPS 
survey spectra obtained for of PbX-based layer perovskite (X = Cl, Br) 
prepared by successive deposition of eicosylamine monolayer on an aqueous 
subphase containing PbX2 10-4 M and KX 0.1 M are shown in Figure 9. 
In the case of (EA)2PbBr4, the XPS spectrum clearly resolves peaks 
corresponding to Pb, Br, N, C and O atoms and their quantification has been 
 
Figure 9. XPS survey spectrum of the top surface of the LS film (6 layers) samples of PbX-based layer perovskite prepared by successive deposition of (EA)2PbCl4 (black line) and (EA)2PbBr4 (red line) monolayers fabricated on an aqueous subphase.  
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done by taking into account these five elements. The atomic percentage was 
calculated from the high resolution XPS spectra and are shown in Table 1. 
The spectrum shows a single peak at 138.6 eV that is assigned to Pb(II) 4f 
(2.7%). The corresponding one of Br 3d is also single and emerges at a 68.8 
eV (6.4%). Therefore, the Br/Pb ratio is 3.8, being very close to the theoretical 
expected value, 4. These binding energies are in good agreement with those 
published elsewhere.25 
The single peak N 1s is detected at 401.9 eV (3.6%) and in good 
agreement with those values previously published for quaternary ammonium 
cation (N+).25 Thus, the N/Pb ratio is 2.1. The theoretical expected value is 2. 
XPS Pb 4f Br 3d Cl 2p N 1s C 1s O 1s 
At % (EA)2PbBr4 1.7 6.5 -- 3.6 85.2 3.0 
At % (EA)2PbCl4 1.5 -- 5.7 3.3 87.3 2.2 
Table 1. Atomic percentage calculated from the high resolution XPS spectra for the two perovskite-film structures.  
Figure 10. Deconvolution of the C 1s XPS spectra into the contribution peaks of the C-C and C-N and C-O bounds for the (EA)2PbBr4 film.  
Binding Energy /eV
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In the case of carbon element, a wide asymmetrical peak can be 
appreciated. This peak can be splitted into at least two peaks with maximum 
intensities at 284.9 eV and 286.1 eV, and are related to C-C, and C-N and C-
O bounds, respectively (Figure 10). The total percentage of C is 85.3%, and 
gives a C/Pb ratio equal to 50.2. Theoretically, the corresponding ratio of 2 
EA molecules per one of Pb should be 40. 
The excess of C can be related to the presence of C adventitious. In fact, if 
only the area of the former peak (at 284.9 eV) is considered, the C/Pb ratio is 
39.4, being close to that expected according to the organization model of the 
perovskite film. 
Finally, one single peak of O element appears at 532.6 eV (3%), and the 
O/Pb ratio is equal to 1.8. However, taking into account the structure of the 
film-perovskite, this peak should not appear. The possible sources can be due 
to the water molecules retained in the film during the transfer process, i.e., O 
adventitious. From calculations by C, per each Pb atom, 10 C atoms left, 
although there is only 1.8 O atoms. Therefore, C adventitious cannot be from 
C-O nonetheless a small percentage. However, the O element maybe gendered 
from water molecules transferred together the perovskite-film structure. In 
such a case, also it is amazing the few small detected. 
In the case of the (EA)2PbCl4 film (Figure 9, black line), a similar XPS 
spectrum to that obtained for (EA)2PbCl4 is obtained, and atomic percentage 
as well (Table 1). In detail and for comparison, only the peak for C 1s looks 
splitted, although shown similar percentages. The most significant difference 
comes from the ratios C/Pb and O/Pb (see Table 2). 
Additionally, it should be noted the absence of Si peak. This fact is related 
to the formation of a compact film without defects or holes, by Langmuir-
Schaefer method. 
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The above discussion leads to propose a model of the organization of the 
PbX-based perovskite film where EA bilayer with the alkyl chains tilted 40º 
with respect to the plane of the support, is bounded into perovskite structure, 
as shown in Scheme 1. 
 
6.4. Conclusions 
A layered-based perovskite structure is tailored at the air‒water interface 
inducing the formation of a bilayer of the amphiphilic matrix (Eicosylamine), 
(EA)2PbX4, X = Cl, Br. The effect of this organic-inorganic hybrid results in a 
2-D motif consisting of one lamella perovskite structure by applying several 
compression cycles. Contrary to influence on the stability of the film breaking 
the layered-based perovskite structure, by using several compression-
expansion cycles a (EA)2PbX4 stable and homogeneous film that cover all the 
interface, is obtained. Furthermore, the yield of this bi-dimensional organic-
inorganic hybrid is improved with respect to similar structures. 
By comparison of both perovskites structures, the lamella formation 
covering the whole interface and consisting in (EA)2PbBr4 is faster than that 
of (EA)2PbCl4, i.e. after one/two compression-expansion cycles or at least five 
cycles, respectively, even at low concentrations of Pb2+ (104 M). Diminishing 
such concentration, the same yield is achieved, although with additional 
compression-expansion cycles. 
 (EA)2PbBr4 (EA)2PbCl4 
Br/Pb 3.8 -- 
Cl/Pb -- 3.9 
N/Pb 2.1 2.3 
C/Pb 50.2 60.2 
O/Pb 1.8 1.5 
Table 2. Elements/Pb ratios for the two perovskite-film structures: (EA)2PbBr4 and (EA)2PbCl4. 
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The 2D organic-inorganic hybrid structures formed at the air−water 
interface are successfully transferred on solid support.  
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Capítulo VI: Tailoring a bi-dimensional PbX-based layered perovskite film at the 
air−water interface and on solid support 
 
 235 
(7)  Etgar, L.; Gao, P.; Xue, Z.; Peng, Q.; Chandiran, A. K.; Liu, B.; Nazeeruddin, M. K.; Grätzel, M. Mesoscopic CH3NH3PbI3/TiO2 Heterojunction Solar Cells. J. Am. Chem. Soc. 2012, 134, 17396–17399. 
(8)  Im, J.-H.; Lee, C.-R.; Lee, J.-W.; Park, S.-W.; Park, N.-G. 6.5% Efficient Perovskite Quantum-Dot-Sensitized Solar Cell. Nanoscale 2011, 3, 4088–4093. 
(9)  Lee, M. M.; Teuscher, J.; Miyasaka, T.; Murakami, T. N.; Snaith, H. J. Efficient Hybrid Solar Cells Based on Meso-Superstructured Organometal Halide Perovskites. Science 2012, 338, 643–647. 
(10)  Smith, I. C.; Hoke, E. T.; Solis-Ibarra, D.; McGehee, M. D.; Karunadasa, H. I. A Layered Hybrid Perovskite Solar-Cell Absorber with Enhanced Moisture Stability. Angew. Chem. Int. Ed. Engl. 2014, 53, 11232–11235. 
(11)  Cao, D. H.; Stoumpos, C. C.; Farha, O. K.; Hupp, J. T.; Kanatzidis, M. G. 2D Homologous Perovskites as Light-Absorbing Materials for Solar Cell Applications. J. Am. Chem. Soc. 2015, 137, 7843–7850. 
(12)  Xu, C.; Fukuta, S.; Sakakura, H.; Kondo, T.; Ito, R.; Takahashi, Y.; Kumata, K. Anomalous Electro-Absorption in the Low-Temperature Phase of (C10H21NH3)2PbI4. Solid State Commun. 1991, 77, 923–926. 
(13)  Era, M. U.; Oka, S. PbBr-Based Layered Perovskite Film Using the Langmuir-Blodgett Technique. Thin Solid Films 2000, 376, 232–235. 
(14)  Era, M.; Higashiuchi, T.; Yaso, K.; Kuramori, M.; Oishi, Y. Formation of Lead Bromide-Based Layered Perovskite Monolayer Having Organic–inorganic Quantum-Well Structure at Air–water Interface. Thin Solid Films 2006, 499, 49–53. 
(15)  Oishi, Y.; Tsukamoto, E.; Shimoda, M.; Takamuku, T.; Narita, T.; Era, M. A Novel Preparation Method of Lead-Based Layered Perovskite Langmuir Film with a Egligible Amount of PbBr2. New J. Chem. 2013, 37, 568–570. 
(16)  Sondermann, J. Darstellung Oberflächenaktiver Polymethincyanin-Farbstoffe Mit Langen N-Alkyl-Ketten. Liebigs Ann. Chem. 1971, 749, 183–197. 
(17)  Grüniger, H.; Möbius, D.; Meyer, H. Enhanced Light Reflection by Dye Monolayers at the Air–Water Interface. J. Chem. Phys. 1983, 79, 3701–3710. 
(18)  Rubia-Paya, C.; Giner-Casares, J. J.; Martin-Romero, M. T.; Mobius, D.; Camacho, L. 2D Chiral Structures in Quinoline Mixed Langmuir Monolayers. J. Phys. Chem. C 2014, 118, 10844–10854. 
(19)  Oishi, Y.; Umeda, T.; Kuramori, M. Mechanical Properties of a Langmuir-Blodgett Film Measured by Atomic Force Microscopy The 
Capítulo VI: Tailoring a bi-dimensional PbX-based layered perovskite film at the 
air−water interface and on solid support 
 
 236 
Mechanical Properties of Organic Monolayers Have Been Evaluated by Various Methods , for Example, the Derivative Method of a Surface Pressure-Area (π-A) Isotherm. Langmuir 2002, 18, 945–947. 
(20)  Era, M.; Yoneda, S.; Sano, T.; Noto, M. Preparation of Amphiphilic Poly(thiophene)s and Their Application for the Construction of Organic–inorganic Superlattices. Thin Solid Films 2003, 438-439, 322–325. 
(21)  Era, M.; Morimoto, S.; Tsutsui, T.; Saito, S. Electroluminescent Device Using Two Dimensional Semiconductor (C6H5C2H4NH3)2PbI4 as an Emitter. Synth. Met. 1995, 71, 2013–2014. 
(22)  Era, M.; Ano, T.; Noto, M. Electroluminescent Device Using PbBr-Based Layered Perovskite Having Self-Organized Organic-Inorganic Quantum-Well Structure. Stud. Interface Sci. 2001, 11, 165–173. 
(23)  Era, M.; Miyake, K.; Yoshida, Y.; Yase, K. Orientation of Azobenzene Chromophore Incorporated into Metal Halide-Based Layered Perovskite Having Organic–Inorganic Superlattice Structure. Thin Solid Films 2001, 24–27. 
(24)  Tabuchi, Y.; Asai, K.; Rikukawa, M.; Sanui, K.; Ishigure, K. Preparation and Characterization of Natural Lower Dimensional Layered Perovskite-Type Compounds. J. Phys. Chem. Solids 2000, 61, 837–845. 
(25)  Gonzalez-Carrero, S.; Galian, R. E.; Perez-prieto, J. Approaching the Top of the Emissive Properties of CH3NH3PbBr3 Perovskite Nanoparticles. J. Mater. Chem. 2015, 3, 9187–9193.  
 
  
    GLOBAL CONCLUSIONS  
  




Each Chapter of this Report ends with the particular conclusions relevant 
to the work described in it. In this section, a summary of the more general 
conclusions according to the degree of progress achieved is presented. 
1. Mixed monolayers with a high degree of organization at the molecular 
level have been successfully fabricated. These monolayers are formed by 
equimolar mixtures of DA and dyes such as hemicyanines (SP, HSP) or 
cyanine derivatives (OTCC). 
2. Monolayer, optical and spectroscopical measurements, as well as 
computational in some cases, have been combined to achieved at a description 
and analysis of the molecular organization of Langmuir mixed monolayers of 
Polymer:Dye 1:1. 
3. It has been shown that the components used in the mixed monolayers 
must have specific features to promote the formation, under UV irradiation, of 
a new polymeric material which absorbs at 520 nm and showing distinct 
properties with respect to those previously described by the red and blue 
phases. These features are: alkyl chains of similar length to obtain a good 
packing, polar heads with opposite charges to compensate the electrostatic 
repulsion interactions between the dipole moments of the molecules, an 
appropriate balance between the areas occupied by the hydrophobic chains 
and polar groups, and the polar groups that allow the lateral aggregation of the 
monolayer as well. 
4. It has been demonstrated that the polymerization process requires an 
optimum packing of diacetylene units to allow the propagation of the 
polymerization in the backbone of the polymer by a highly ordered phase 
being highly sensitive to the surroundings. 
5. Elastic or rigid nanocomposites structures as a function of the 
organization of the dye molecules have been formed. 
6. By geometrical considerations, structural models of the mixed films 
have been analyzed. Two different conformations have been examined: 
aligned or twisted, according to the alignment between the alkyl chains and 
  
the conjugation plane, which in turns is related to the blue-to-red color 
transition. 
7. A bi-dimensional hybrid structure-based perovskite have been 
successfully tailored. This organic-inorganic pattern reveals not only to be 
stable but also to produce a high yield by surprisingly applying external 
pressure through several cycles of compression-expansion in air−water 
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